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ABSTRACT
The Sitas area is situated in the Scandinavian Caledonides on the
south side of the Rombak window, a large window through the Caledonian
nappe pile that straddles the Norwegian-Swedish border near 68*N. The
rocks exposed in the Sitas area can be divided into 3 structural
divisions that are separated by two post-metamorphic thrust faults:
the Frostisen and Mereftasfjell thrusts. The lowest structural
division is an autochthonous/parautochthonous Basement complex
dominated by the ~1700 m.y. Rombak-Sjangeli granite gneiss. Caledonian
metamorphism conditions never exceeded lower(?) greenschist facies in
the Basement complex. Above the Frostisen thrust, the second
structural division, the Storrit complex, is exposed. The Storrit
complex is a schuppenzone of granitic and quartzitic mylonite slices
in a matrix of graphitic quartz-rich phyllonites that has been
metamorphosed to upper greenschist facies. Above the Mereftasfjell
thrust the highest structural division, the Langvatn assemblage is
exposed. The Langvatn assemblage is composed of a sequence of
schists, gneisses, marbles, amphibolites and ultramafic rocks that
have been metamorphosed to amphibolite facies.
The Storrit complex appears to be a duplex formed by imbrication
and eastward translation of deformed equivalents of Basement complex
lithologies. The Langvatn assemblage lithologies are not correlative
with Basement complex lithologies. Three mappable units of tectonic
melange containing lenses of carbonate, mafic and ultramafic rocks in
a matrix of quartz-rich garnet psammites are present in the Langvatn
assemblage. The lithologies of the tectonic lenses suggests that they
were derived from an oceanic source, while the composition of the
matrix indicates proximity to a continental land mass. The tectonic
juxtaposition of oceanic crustal material and continentally derived
sediments commonly occurs in modern fore-arc accretionary complexes.
As a result, the Langvatn assemblage is considered to represent an
accretionary prism within the Caledonides.
The Caledonian deformation can be sub-divided into 6 discrete
deformations (Dl to D6 . The Dl deformation produced the present
tectonic stacking of the Langvatn assemblage and the formation of the
Langvatn assemblage accretionary prism. The regional mica foliation
of the Langvatn assemblage (S2 ) and isoclinal folds formed during D2deformation. During the D3 deformation, a second set of generally NNE
trending isoclinal folds formed, refolding F2 folds and transposing
the S2 foliation. D4 deformation produced a set of NW trending
cross-folds including the Baugefjell antiform which appears to be the
SE continuation of the Efjord basement culmination. D5 deformation
produced the present stacking of the 3 structural divisions by
movement along the Frostisen and Mereftasfjell thrusts. The Storrit
complex schuppen zone was produced by D5 deformation. Upright NE
trending folds were produced during the D6 deformation. The D,
deformation is thought to represent deformation of the Langvatn
assemblage in a fore-arc accretionary prism. Since no rocks that can
be tied to Baltoscandinaviaare deformed by D, deformation, the
location of this subduction system with respect to the paleomargin of
Scandinavia is not known. By D2 , the Langvatn assemblage was
juctaposed with the basement of Balto-scandinavia. During D5 the
Langvatn assemblage was transported at least 10's of kms toward the
foreland along the Frostisen and Mereftasfjell thrusts.
The metamorphic peak of the Langvatn assemblage was approximately
synchronous with D2. Mineral assemblages from the Langvatn assemblage
equilibrated at approximately 575 0C, 8 kbars. However, the
experimentally determined stability of the assemblage gt + bio + ky,
reaction textures and numerical modeling of garnet zonation profiles
indicate that the final equilibration at 575*C, 8 kbars was preceeded
by cooling and uplift from ~700*C, 10 kbars. The conditions during
the D2 metamorphic peak are estimated to be ~700*C, 10 kbars. Rocks
from the Storrit complex equilibrated at approximately 450*C, 5.5
kbars. Juxtaposition of the Langvatn assemblage and the Storrit
complex on D5 thrusts resulted in the retrogression of garnet-bearing
rocks in both structural divisions, indicating that P-T conditions had
fallen below the stability of garnet by D5 '
Thesis Supervisor: Dr. B. Clark Burchfiel
Title: Professor of Geology
Table of Contents
Abstract 2
Acknowledgements 12
CHAPTER 1: INTRODUCTION 14
Purpose 14
Geological Setting 16
Previous Work 20
Access, Physiography 23
Methods 24
CHAPTER 2: TECTONOSTRATIGRAPHY 26
Introduction 26
Basement Complex 27
Introduction 27
Rombak-Sjangeli Granite Gneiss 27
0 0
Skaddaive Assemblage 28
General Comments 28
0 0
Skaddaive Amphibolite 29
o 0
Skaddaive Quartzite 29
0 0
Skaddaive Schist 30
0 0
Skaddaive Psammite 30
Tornetrask Formation 30
General Comments 30
Lower Quartzite Member 31
Middle Phyllite Member 32
Upper Phyllite Member 32
Age of the Tornetrask Formation 33
Storrit Complex 33
Nomenc la ture 33
General Comments 37
Storrit Granite Mylonite 38
Storrit Quartzites 39
Storrit Schists 39
Correlation Between the Storrit Complex and Basement
Complex 41
Langvatn Assemblage 42
Introduction 42
Raudvatn Complex 47
Baugefjell Amphibolite 50
0
Skjafjell Schist 53
Filfjell Complex 55
0 0
Rapetjakka Horneblende Schist 58
Njunjas Schist 59
Reppi Schist 59
Marko Complex 60
Hjertevatn Migmatitic Gneiss 68
Bauro Kyanite Gneiss 70
Bauro Schist 71
Trondjhemite and Pegmatite Intrusions 71
Conclusions 74
CHAPTER 3: STRUCTURAL GEOLOGY OF THE SITAS AREA 76
Introduction 76
Precambrian Deformation 80
Caledonian Deformation 82
DI: Tectonic Stacking of the Langvatn Assemblage 82
D2 : Isoclinal Folding, Development of the Regional
Mica Foliation 84
D3 : Tight to Isoclinal Folding 89
D4 : Cross Folds 90
D5 : Frostisen-Mereftasfjell Thrusting, Isoclinal
Folding 97
D6 : Upright Folding 107
CHAPTER 4: METAMORPHISM OF THE SITAS AREA 110
Introduction 110
Langvatn Assemblage 113
Timing of Metamorphism 113
Conditions of Metamorphism 116
Results of Geothermo-barometry 121
High Temperature Retrogression of the Langvatn Assemblage 123
Introduction 123
Experimental Phase Equilibria 124
Reaction Textures 127
Garnet Zonation 129
Numerical Modeling of the Uplift and Cooling Path 132
Summary 137
Storrit Complex 138
Timing of Metamorphism 138
Phase Equilibria 140
Geo thermo-barome try 142
Summary 149
Basement Complex 149
Timing of Metamorphism 149
Two-Feldspar Geothermometry 150
Summary 153
Discussion 153
Syn-metamorphic (?) Faulting in the Langvatn Assemblage 153
Stratigraphic Control on Migmatite Genesis 155
The Effect of Crustal Scale Thrusting on Metamorphism 157
CHAPTER 5: ISOTOPE GEOCHRONOLOGY 165
Introduction 165
Analytical Techniques 168
Results 169
Hjertevatn Gneiss 169
Filfjell Complex Schist 171
Gabbro Sheet, Marko Complex 173
Discussion 175
Hjertevatn Gneiss 175
Filfjell Complex Schist 179
CHAPTER 6: TRACE ELEMENT GEOCHEMISTRY OF MAFIC ROCKS FROM THE
MARKO COMPLEX 182
Introduction 182
Sample Description 182
Analytical Techniques 183
Results 184
Conclusions 190
CHAPTER 7: REGIONAL TECTONICS 192
Introduction 192
Accretionary Complex Tectonics of the Langvatn Assemblage 192
Regional Nappe Correlation 195
Basement Deformation During Mid-Crustal Emplacement of an
Oceanic Allochthon 199
Appendix 1: Representative Microprobe Mineral Analyses 202
Appendix 2: Choice of Pressure- and Temperature-Sensitive
Reactions and Solution Models 232
Appendix 3: Rb/Sr and Sm/Nd Isotopic Data 241
Appendix 4: Isotopic Analytical Techniques 242
References 245
List of Figures
1-1: Pre-Tertiary reconstruction of the Northern Caledonides 15
1-2: Geological sketch map of the Scandinavian Caledonides 17
1-3: Geological sketch map of the Sitas area 22
2-1: Tornetrask Formation stratigraphy 34
2-2: Basal unconformity, Tornetrask Formation 36
2-3: Basal conglomerate, Tornetrask Formation 36
2-4 Stretched pebbles in conglomerate, Storrit quartzite 36
2-5: Structural stacking diagram 45
2-6. Ultramafic pod, Raudvatn complex 52
2-7: Pyroxene pseudomorphs, ultramafic pod, Raudvatn complex 52
0
2-8: Graded bedding, Skjafjell schist 52
2-9: Layered gabbro, Marko complex 65
2-10: Pillow volcanics, Marko complex 65
2-11: Amphibolite pod, Marko complex 65
2-12: Banded gneiss, Hjertevatn gneiss 73
2-13: Pegmatite truncating S2, Bauro kyanite gneiss 73
2-14: Pegmatite boudined parallel to S3 , Reppi schist 73
3-1: Major structures in the Sitas area 79
3-2: Poles to Precambrian foliation, Basement complex 81
3-3: Poles to S2, Langvatn assemblage 86
0
3-4: Structural stacking on Pauketjakka 88
3-5: Mineralogical layering transposed into Sl, Marko gabbro 88
3-6: F2-F3 fold interference pattern 88
3-7: F3 fold axes, Langvatn assemblage 91
3-8: F4 fold axes, Langvatn assemblage 93
3-9: Poles to S2 across Baugefjell antiform 94
3-10: F5 minor fold axes, Storrit complex 100
3-11: Poles to S5 , Storrit complex 101
3-12: Transposition of S2 parallel to S5 , Langvatn assemblage 103
3-13: Mereftasfjell thrust 105
3-14: Transposition of S2 by F5 folds 105
3-15: Minor F6 fold, Skjafjell schist 105
3-16: F6 fold axes 108
4-1: Sample location map 112
4-2: Relationship between the S2 foliation and garnet 115
4-3: Garnet + muscovite reacting to form biotite 115
4-4: Coarse grained muscovite pseudomorphing kyanite 115
4-5: AFM projection - Langvatn phase assemblages 118
4-6: AFM + Ca projection - Langvatn phase assemblages 119
4-7: P-T estimates - Langvatn assemblage 122
4-8: Relationship between P-T estimates and experimental
phase equilibria 126
4-9: Garnet zonation profiles - Langvatn assemblage 130
4-10: Garnet zonation P-T path - Langvatn assemblage 135
4-11: P-T path - Langvatn assemblage 139
4-12: AFM projection - Storrit complex phase equilibria 141
4-13: P-T estimates - Storrit complex 143
4-14: Garnet zonation profiles - Storrit complex 144
4-15: AKF projection - Storrit complex 146
4-16: S5 cleavage - Njunjas schist 148
4-17: Retrogression of garnet to chlorite - Storrit complex 148
4-18: S5 cleavage - Tornetrask phyllite 148
4-19: Relaxation of a perturbed geotherm 159
4-20: T-t paths 160
4-21: P-t paths 161
5-1: Rb-Sr isochron plot - Hjertevatn gneiss 170
5-2: Sm-Nd isochron plot - Filfjell complex matrix schist 172
5-3: Sm-Nd isochron plot - Gabbro, Marko complex 174
5-4: Sr mixing line - Hjertevatn gneiss 177
6-1: REE plot - mafic rocks, Marko complex 186
6-2: TE spider diagram - mafic rocks, Marko complex 189
Acknowledgements
Projects like this are never individual efforts. This one would
not have been possible without the help of more people than I can
thank individually here; omission is due to a lack of space rather
than a lack of gratitude. I would like to thank B. C. Burchfiel, my
advisor, for introducing me to the geology and tectonics of the
Scandinavian Caledonides and other mountain belts. Frank Spear made
me view metamorphic petrology from a different perspective and almost
interested me in amphiboles. Stan Hart kindly gave me access to his
isotope lab. Now that I've learned what not to analyze - next time
maybe I will be able to get useful isotopic data.
The clones: Kip Hodges, Brian Wernicke, Jim Willemin, Doug
Walker, Dave Klepacki, Peter Tilke, Barb Sheffels, Liz Schermer, Mary
Hubbard and Zhang Pei-Zhen, taught me a lot about structural geology
and about the geology of regions other than Scandinavia. Jane
Selverstone, Don Hickmott and Karen Kimball made metamorphic petrology
and P-T-t more comprehensible for me. Brian Taras, Mary Reid, Levent
Gulen and Tom Sando helped me in the isotope lab. During the three
rainy, windy and occasionally snowy summers that I was mapping in
Scandinavia, I was assisted in the field by Simon Peacock, Elaine
Rothman and Larry McKenna. It is to their credit that they could put
up with both me and the weather. Kip Hodges deserves thanks for
introducing me to the geology of Scandinavia. Peter Tilke's choice of
field assistants and sense of humor made the third field season more
enjoyable.
In Norway, Ron Boyd of NGU and Arild Andreson of the University of
Troms$ helped with logistics as did David Gee of SGU in Sweden. I
would like to thank NVE-SKA in Bjerkvik, Norway for access to their
roads and huts and for the occasional lift in their helicopter; I knew
that the Lapps didn't really have the key. Tanya Furman helped type
and proofread the manuscript. Without both that help and her support,
this difficult final period would have been impossible, or at least it
would have seemed so to me.
I would like to thank my family for all of their support and
encouragement. Although, they may consider my visits to be too
infrequent, it has been nice having my parents close by in New
Hampshire. 1My brother Charlie was always one to turn to for a reminder
that there was more to the world than geology.
I must not forget to thank the National Science Foundation for
funding parts of this project through grants to Clark Burchfiel. In
addition, parts of this project were funded by the departmental
Student Research Fund Committee at M.I.T.
CHAPTER 1: INTRODUCTION
The Caledonides of Scandinavia are a deeply eroded lower Paleozoic
orogen formed by the closure of Iapetus and continental collision with
East Greenland. They provide an excellent opportunity to study the
effects of collisional tectonics at intermediate to deep crustal levels.
At the latitude of this study, the erosional level exposes the contact
between pre-Caledonian basement and the Caledonian metamorphic nappes
across almost the entire orogen. This erosional level allows for direct
study of the way that crystalline continental basement deforms during
continental collision and the emplacement of oceanic nappes.
There is some controversy about the polarity of the subduction zone(s)
responsible for the closure of Iapetus, but it seems most likely that
there was never significant subduction beneath cratonal Scandinavia as no
Caledonian age igneous rocks intrude the pre-Caledonian basement of
Scandinavia, while Caledonian igneous rocks are common in the East
Greenland Caledonides (Henriksen and Higgins, 1976) and the far-traveled
nappes of the Scandinavian Caledonides (Gee, 1975). The suture between
Scandinavia and East Greenland is probably hidden beneath continental
shelf sediments in the Norwegian-Greenland Sea (Figure 1-1) as the
Tertiary opening of the Norwegian-Greenland Sea occurred near the former
suture (Talwani and Eldholm, 1977). Although the suture is not seen in
Scandinavia, oceanic rocks that root in the suture zone are preserved
across much of the orogen.
Purpose:
The purpose of this study was to examine how a collisional orogen
Figure 1-1:
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Pre-Tertiary reconstruction of the Norwegian-Greenland Sea
(after Talwani and Eldholm, 1977) showing the paired nature
of the Scandinavian and E. Greenland Caledonides.
deforms at intermediate crustal levels. With this goal in mind, the
thrust contact between pre-Caledonian crystalline basement rocks exposed
in the Rombak-Sjangeli window and the overlying Caledonian metamorphic
nappes was studied. The four principal research goals were: 1) to
establish a detailed stratigraphy within the Caledonian metamorphic rocks
and determine their depositional environment; 2) to compare the styles of
deformation of the Caledonian nappes with that of the pre-Caledonian
basement; 3) to determine the pressure-temperature (P-T) paths followed
by the nappes and the basement, and thus determine under what pressure
and temperature conditions the nappes were emplaced upon the basement; 4)
to obtain isotopic geochronological constraints on the timing of
deformation and metamorphism of the Caledonian nappes.
Geological Setting:
The Scandinavian Caledonides is a 1500 km long orogen that covers
almost all of Norway and extends eastward into western Sweden (Figure
1-2). The Caledonides can be divided into 3 major structural divisions,
each of which has been transported eastwards relative to the underlying
division.
The structurally lowest domain is an autochthonous/parautochthonous
Basement complex of Precambrian igneous and metamorphic rocks
that crops out in: 1) the foreland in western Sweden, 2) a series of
tectonic windows near the Norwegian-Swedish border, and 3) the western
gneiss terrain of western Norway. In the foreland, the Basement complex
includes a sequence of Vendian to upper Cambrian platform sediments
in depositional contact with the Precambrian crystalline rocks (Gee and
Study ar,
A rc tic
0 P
Caledonian nappes
Pre-Caledon/an basement
Figure 1-2: Simplified tectonic sketch map of the Scandinavian
Caledonides.
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Zachrisson, 1979). During Caledonian deformation, a decollement zone
developed in the upper Cambrian part of the autochthonous foreland
sequence (Gee et al., 1978); thus sedimentary rocks younger than upper
Cambrian are not found in the autochthonous section. However, sedimentary
rocks as young as Wenlockian (Bassett et al., 1982) are present in a
series of foreland thrust sheets. The Vendian to upper Cambrian part of
the sedimentary section is present in discontinuous exposures along the
edges of the windows near the international border (Kulling, 1964;
Thelander, 1982) and may also be present locally along the west coast of
Norway (Bartley, 1981). These later sedimentary rocks have probably
moved eastward, often with their stratigraphic basement, and are
considered to be parautochthonous.
The second domain lies structurally above the autochthon/
parautochthon just west of the foreland and along the edges of the
tectonic windows near the international border, but is generally not
present along the west coast of Norway. Rocks of this domain consist of a
low-grade complex of thrust nappes composed of greenschist facies
metamorphosed granitic mylonite and continentally derived clastic
sediments. Although the degree of deformation and metamorphism precludes
correlation of the low-grade nappe complex with the underlying
autochthon/parautochthon, the general lithological character is so
similar to that of the autochthon/parautochthon that it is likely that
they were derived from a western equivalent of the
au toch thon/parau toch thon.
The structurally highest domain is a complex sequence of nappes
composed of greenschist to amphibolite facies metamorphosed sedimentary,
volcanic, and intrusive rocks. Included in this domain are both
ophiolitic rocks (e.g., Furnes et al., 1982) and Precambrian
crystalline continental basement rocks (e.g., Emmett, 1982) as well as
Ordovician meta-sedimentary rocks with fossils of North American
affinity (Gee, 1975).
Caledonian age igneous rocks are found only in this highest
structural domain. Rocks from the high-grade metamorphic nappe complex
cannot be correlated with the rocks in the underlying autochthon/-
parauthchon or low-grade nappe complex. In addition, the high-grade
metamorphic nappe complex experienced episodes of deformation that are
not present in the two underlying domains. Palinspastic and
paleogeographic reconstructions require the high-grade metamorphic
nappes to root somewhere to the west of the present Norwegian
coastline (e.g., Gee, 1975). These nappes were in part derived from an
oceanic terrain (Iapetus) that lay to the west of Scandinavia during
Caledonian time.
There is good evidence for two major phases of deformation within
the Scandinavian Caledonides. Over much of the orogen, a major post-
Wenlockian, pre-lower Devonian event is recognized (Gee and Wilson,
1974; Roberts, 1981). This event, the Scandian orogeny, was
responsible for the final post-metamorphic translation of both the low-
grade and high-grade nappe complexes towards the foreland. K/Ar and
Rb/Sr mica cooling ages tend to cluster around 400-425 m.y. (e.g.,
Reymer, 1979), marking this event.
In Finnmark (northernmost Norway) and in the Bergen arcs (southwest
Norway), there is good evidence for an earlier deformation. This earlier
event, the Finnmarkian orogeny, is dated as late Cambrian to early
Silurian in Finnmark (Sturt et al., 1978), pre-Ashgillian in the Bergen
arcs (Henriksen, 1981) and pre-middle Arenigian in the Trondheim region
(Roberts and Wolff, 1981). The Finnmarkian orogeny resulted in
east-directed thrusting, folding and low-to high-grade metamorphism
(Sturt et al., 1978) as well as the emplacement of ophiolite sheets
(Furnes et al., 1982; Minsaas and Sturt, 1981).
Due to the scarcity of fossils in the Caledonian metamorphic rocks
and a lack of radiometric dates that have not been partially reset
during post-orogenic cooling, it is hard to determine the timing of
deformation and metamorphism that has affected a particular region.
Recent studies (e.g., Bjorlykke and Olaussen, 1981; Binns and Matthews,
1981; Dallmeyer et al., 1983) have found Silurian fossils in
meta-sedimentary rocks that had previously been thought to have been
metamorphosed during the Finnmarkian event as well as geochronological
evidence for an Ordovician metamorphism in rocks that were considered
to have been affected only by the Scandian event. Therefore, the age
and extent of these two orogenic phases is poorly known.
Previous Work:
This thesis is part of an on-going project by students of B. Clark
Burchfiel to map a transect across the Caledonides from the Lofoten
Islands of western Norway to the Caledonian foreland in western Sweden.
Initially, the project was directed towards a study of the extent of
Caledonian deformation in the pre-Caledonian basement of the Lofoten
Islands with the work of Tull (1972, 1977) on Vestvagpy and of Hakkinen
(1977) on west Hinn~y. Bartley (1980, 1981, 1982) investigated the
nature of the basement-cover contact on east Hinny. Hodges (1982)
compared the nature of the basement-cover contact along the west coast of
Norway (near Efjord) with that along the western edge of the
Rombak-Sjangeli window (near Sitas) and established a tectonostratigraphy
in the high-grade metamorphic nappes. This thesis is an investigation of
the basement-cover contact exposed on the south side of the
Rombak-Sjangeli window (Figure 1-3). Work by Tilke (in progress) will
continue the transect to the east side of the Rombak-Sjangeli window.
The Sitas map area straddles the Norwegian-Swedish border at 680N.
Traditionally, Norwegian and Swedish geologists have mapped only in their
own countries with the international border forming a boundary fault
between the two countries. One goal of this study was to work on both
sides of the border and resolve some of the boundary fault problems.
The Norwegian part of the study area was mapped at 1:100,000 by Foslie
(1941). Although Foslie did not recognise any tectonic contacts, his
lithological mapping was excellent. Recognising the existence of tectonic
contacts, Gustavson (1974) reinterpreted Foslie's maps and included it in
his 1:250,000 Narvik map. The Swedish portion of the area was mapped in
reconnaissance by Kulling (1964) at 1:400,000. Kulling's mapping provided
a valuable guide during this study, but significant differences exist
between my map and Kulling's, particularly in areas of difficult access.
Part of the Rombak-Sjangeli window to the north of the Sitas study area
was mapped at 1:100,000 (Birkeland, 1976). A large area to the
south of the Sitas study area has been mapped at 1:20,000 by Lennart
Bjorklund (pers. comm., 1983).
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Figure 1-3: Tectonic sketch map of the Rombak window and surrounding
region.
Access, Physiography:
The 35 km-long lake Sitas coincides approximately with the southern
edge of the Rombak-Sjangeli window and forms the northern boundary of
much of the study area. The Sitas study area is in a rather remote
part of Arctic Scandinavia. The area contains no permanent residents,
but is frequented during the summer by backpackers and Lapplanders who
fish and graze reindeer. The area is largely accessible only by foot,
canoe or float plane. The northwest end of Sitas can be reached by a
dirt road maintained by the Norwegian Hydroelectric Company (N.V.E.-
S.K.A.). Permission to use the road was kindly given by the Norwegian
Hydroelectric Company in Bjerkvik, Norway. The southeast end of Sitas
can be reached by another graded dirt road that is controlled by the
Swedish Hydroelectric Company. Three times a week during the summer, a
small passenger ferry runs on Sitas and provides access to much of the
field area. In addition, access to the more remote portions of the
study area was provided by float planes hired at Stora Sjofjallet,
Sweden.
The entire field area ia above treeline, varying in elevation from
610 to 1450 m. The physiography is dominated by the effects of the
recent glaciation. Small permanent snowfields still remain from this
glaciation, but no active glaciers are present in the Sitas area. The
glaciation produced northwest trending U-shaped valleys with steep
north slopes and more gentle south slopes that are breached by smaller
northeast trending U-shaped valleys. The northwest trending valleys
are filled by large shallow lakes, such as Sitas. These lakes
complicate access considerably as the northwest trending drainage
systems are almost impossible to cross on foot.
With the exception of glacial drift towards the base of the U-shaped
valleys little debris was left by the glaciers. There is very close to
100% outcrop starting approximately 50-100 m above the base of these
valleys. Contacts were more commonly hidden by snow than by
glacial-alluvial drift.
Due to snow cover, the field season at 68'N is rather short (late
June to late August). During the 1981 and 1982 field seasons, large
parts of the study area were not sufficiently snow-free to map until
early August, while during the 1983 field season, the first heavy snows
began in mid-August.
Methods:
The mapping was accomplished over 3 field seasons during which 1.5 to
3 months were spent in the field. Field maps were made on both enlarged
topographic and aerial photo bases that ranged in scale from 1:20,000 to
1:50,000 and compiled onto a 1:25,000 topographic base. The base for the
Norwegian portion of the map is a 1:50,000 topographic map released by
the Norges Geografiske Oppmaling during the summer of 1982. In addition,
high quality 1:25,000 aerial photographs were borrowed from the Norwegian
Geological Survey for reference in the field. The base for the Sewdish
portion of the map is a 1:100,000 topographic map made by the Rikets
Allmanna Kartverk in 1966. In addition, 1:20,000 aerial photographs
(enlarged from 1:30,000 photographs) were used in the field as a base for
parts of the area. The contour interval on both maps was 20 m. The
Norwegian maps are of quite high quality even when enlarged to 1:25,000
and allow for very accurate location of geological features, while the
25
quality of the Swedish maps is a bit less. The location of geological
features may suffer somewhat as a result. All of the mapping was done by
closely spaced traverses that tended to follow lithological contacts. No
attempt has been made to map areas not visited in the field by photo
interpretation.
CHAPTER 2: TECTONOSTRATIGRAPHY
INTRODUCTION
The rocks of the Sitas region can be grouped into 3 structural
divisions each of which contains rock units that do not correlate with
those present in the other 2 divisions. The Frostisen and Mereftasfjell
thrusts, two faults that are discordant to rock unit boundaries, separate
the three tectonostratigraphic divisions. From the base upwards these
divisions are: 1) a Basement complex of Precambrian crystalline rocks,
2) the Storrit Complex (Hodges, 1982), a schuppen zone of granitic and
quartzitic mylonite slices in a graphitic quartz phyllonite matrix, and
3) the Langvatn assemblage, a tectonically stacked sequence of
amphibolite facies metamorphosed schists, gneisses, marbles,
amphibolites, and ultramafic rocks.
The metamorphic grade increases upwards from the Basement complex. The
Basement complex was metamorphosed to lower(?) greenschist facies
(biotite grade) while the Storrit Complex was metamorphosed to upper
greenschist facies (garnet grade) and the Langvatn assemblage to
mid-amphibolite facies (kyanite grade). The metamorphism of the Sitas
region is discussed in more detail in Chapter 4.
As correlation of rock units between structural divisions proved
impossible, the 3 divisions are discussed separately below. Because of
poly-phase deformation it is not posssible to estimate original
stratigraphic thickness. In the descriptions that follow, the thicknesses
given are approximate structural thicknesses and do not relate in any
simple way to original stratigraphic thickness.
BASEMENT COMPLEX:
Introduction:
Within the map area (Plate 1), approximately 0.5 km of structural
relief is exposed within the Basement complex. The Basement complex
consists entirely of the Rombak (Vogt, 1942) or Sjangeli (Kulling, 1964)
granite gneiss and a series of meta-sedimentary and meta-volcanic
0 0
xenoliths and pendants therein, called here the Skaddaive assemblage.
Heier and Compston (1969) obtained a 4-point Rb-Sr whole-rock isochron
corresponding to an age of 1690±90 m.y. (Rb decay constant = 1.42x10~1 1)
on the Rombak-Sjangeli granite gneiss. More recently, Gunner (1981)
obtained an l-point "errorchron" corresponding to an age of 1780±85 m.y.
(initial ratio: 0.700±.006). The Rombak-Sjangeli granite gneiss
0 0
intrudes the Skaddaive assemblage, thus constraining the age of the
0 0
Skaddaive assemblage to be greater than approximately 1700 m.y..
Rombak-Sjangeli granite gneiss:
The Rombak-Sjangeli is a foliated pink microcline granite porphyry.
Where it is undeformed, it is composed of approximately 50% pink
microcline phenocrysts (1-3 cm in size) in a finer grained matrix of
quartz + albite + microcline. Biotite (5%) is the common mafic phase.
Accessory minerals include apatite, magnetite and fluorite. The parallel
alignment of green biotite weakly defines a foliation. The orientation of
this foliation is constant (approximately N32 0E, 560 NW). Often, a
protomylonitic to blastomylonitic foliation is developed parallel to the
0 0
weak mica foliation. Near the Skaddaive pendant, zones of ultramylonite
are also parallel to the N32 0E foliation. Grain size reduction within the
mylonite produces a feldspar augen (<l cm) gneiss. In addition to grain
size reduction, the growth of phengitic muscovite, epidote and calcite
occurs in the matrix of mylonitized Rombak-Sjangeli granite gneiss. The
basal Cambrian sedimentary rocks exposed at Tutturjaure (Plates I and 3),
approximately 5 km from the Sitas area, unconformably overlie foliated
granite; the foliation is therefore considered to be pre-Caledonian.
Skaddaive assemblage:
General comments:
Meta-sedimentary and meta-basic volcanic xenoliths and pendants are
common within the Rombak-Sjangeli granite gneiss. Within the Sitas study
0 0
area, they range in size from a few cm to the Skaddaive pendant itself
which crops out over 6 km2 . Mapping by Vogt (1950) and Birkeland (1976)
within the Rombak window shows pendants that crop out for more than 30 km
along strike and 2 km across strike. Because of their discontinuous
geographical distribution and structural complications imposed by
intrusion of the Rombak-Sjangeli granite gneiss, it has not been possible
to establish a stratigraphy within these rocks. They are named here the
0 0 0 0
Skaddaive asemblage after the mountain Skaddaive on which the largest
exposure of them crops out (Plate 1).
0 0
The Skaddaive assemblage is composed of mappable units of fine-grained
amphibolite which grades into a fine-grained mafic chlorite-biotite
0 0 0 0
schist (Skaddaive amphibolite), quartzite (Skaddaive quartzite), rusty
0 0
weathering pelitic schist (Skaddaive schist) and psammitic schist
0 0
(Skaddaive psammite). In addition, minor amounts of calcite marble and
0 0
calc-silicate gneiss are present in the Skaddaive assemblage. Field
0 0
observations suggest that the mafic schists of the Skaddaive assemblage
0 0
contain a folded foliation while the foliation of the Skaddaive schist is
0 0
not folded. This indicates that the Skaddaive amphibolite pre-dates the
0 0
Skaddaive sedimentary sequence, but the data available at present are not
conclusive.
O 0
Skaddaive amphibolite:
0 0
The Skaddaive amphibolite is a dark green, massive, fine-grained
amphibolite that is greater than 300 m thick. Locally, it grades into a
o 0
dark green chlorite-biotite schist. Skaddaive amphibolite is the dominant
xenolith type seen in the Rombak-Sjangeli granite gneiss. Foliation,
defined by alignment of hornblende and biotite, is well developed. In
more micaceous samples, microfolds marked by a folded biotite foliation
are present. Fine-grained (1 mm) plagioclase pseudomorphs are seen in
0 0
relatively undeformed samples. The Skaddaive amphibolite is interpreted
to be a meta-volcanic complex due to its fine grain size and association
with mafic schists that may have been volcanogenic sediments.
0 0
Skaddaive quartzite:
0 0
At several structural levels in the Skaddaive pendant, light grey
weathering feldspathic quartzites are present. They range in thickness
from a few to approximately 10 m thick. Although commonly well foliated,
clastic sedimentary textures are often preserved in these quartzites.
0 0
Although the Skaddaive quartzites could be confused with quartzites from
either the Tornetrask Formation or the Storrit complex, the higher
feldspar content, less well developed foliation, and the preservation of
0 0
clastic textures in the Skaddaive quartzites is generally sufficient to
differentiate them.
0 0
Skaddaive schist:
0 0
Within the Skaddaive pendant, several rusty weathering pelitic schists
occur. Outcrop is insufficient to determine if more than one schist is
present or if the repetition is structural. The schists consist of
quartz-rich muscovite-biotite schists metamorphosed to lower(?)
0 0
greenschist facies. In the field, the Skaddaive schist could easily be
confused with schists from both the Tornetrask Formation and Storrit
Complex. The structural setting is the only criterion that allows
0 0
differentiation of the Tornetrask and Skaddaive schists. The Storrit
schists can usually be recognized by the presence of a transposed mica
0 0
foliation that is lacking in both the Tornetrask and Skaddaive schists.
o o
Skaddaive psammite:
0 0
The Skaddaive psammite is a grey weathering psammitic schist composed
of quartz + feldspar + muscovite + biotite. It is well foliated with
common feldspar augen (2-5 mm).
Tornetrask Formation:
General comments:
Within the Sitas map area (Plate 1), no sedimentary rocks are seen in
depositional contact with the Precambrian gneisses of the Basement
complex. However, along the shores of Tutturjaure (Plate 3), 5 km east of
the study area, a sequence of autochthonous and parautochthonous
sedimentary rocks crop out that were correlated by Kulling (1964) and
Kautsky and Tegenengren (1952) with the Vendian to lower Cambrian
Hyolithus zone platform sedimentary rocks. Because the name Hyolithus
zone (Kulling, 1964) is not in accordance with stratigraphic
nomenclature, Foyn (1967) named similar Vendian to Cambrian rocks in
Troms and Finnmark the Dividal Group. Recently, Thelander (1982) divided
the Dividal Group into two formations, the Vendian to upper-lower
Cambrian Tornetrask Formation and the middle Cambrian Alum Shale. Only
the basal portion of the Dividal Group, the Tornetrask Formation, is
exposed near Tutturjaure.
Three informal members of the Tornetrask Formation were recognized and
mapped at Tuturjaure. These are: 1) a lower conglomerate and quartzite
member; 2) a middle rusty phyllite member; and 3) an upper blue-grey
weathering phyllite member. The lower 2 members were found in fault
contact with the Rombak-Sjangeli granite gneiss within the Sitas map area
0
on the east slope of Pauketjakka (Plate 1 and Figure 2-2).
Lower quartzite member:
Locally, an irregular depositional contact is present between the
Rombak-Sjangeli granite gneiss and the 1 to 3 m thick basal quartz-pebble
conglomerate of the quartzite member. The contact is often a zone along
which minor translation has occured, but in some places the unconformable
relations are clear (Figure 2-2). Vein quartz (often blue quartz)
pebbles up to several cms long are the dominant clasts in the basal
conglomerate. Rare (<1%) foliated granite gneiss pebbles are present. The
foliated granitic pebbles are always embayed by quartz pebbles and easily
can be confused with the finer grained matrix. Consequently, the
percentage of granitic pebbles may be much higher than estimated here.
Above the basal conglomerate are approximately 10 m of cross-bedded
quartzites that include at least two 0.5 m thick granule to pebble
conglomerates. High-angle planar cross-beds are the only primary
sedimentary structures observed in the quartzite member. Locally, a
spaced cleavage is developed in the quartzites.
Middle phyllite member:
Above the quartzite member, 5-10 m of rusty brown, rubbly weathering
phyllite is present. The phyllite is tightly to isoclinally folded and
strongly cleaved, obscuring all primary sedimentary structures. In thin
section, the schist is be composed of muscovite (70%), biotite (10%), and
quartz (20%) with accessory tourmaline and opaques. Biotite tends to be
concentrated in micro-shear zones that form a well developed spaced
cleavage.
Upper phyllite member:
Above the rusty phyllite up to 30 m of blue-grey weathering phyllite
occurs. The top of the upper phyllite member is never seen, because it is
always cut by the Frostisen thrust. Like the middle phyllite member, the
upper phyllite member is tightly to isoclinally folded and strongly
cleaved, obscuring all primary sedimentary structures. In thin section,
the upper phyllite is seen to be composed of muscovite (80%), biotite
(10%), quartz (5%), and apatite (5%) with accessory graphite. Biotite
rich micro-shear zones form a well developed spaced cleavage.
Age of the Tornetrask Formation at Tutturjaure:
No fossils have been found in the Tornetrask Formation at Tutturjaure,
so the age can be deduced only by correlation with nearby published
sections (Figure 2-1). These correlations are somewhat tenuous as the
nearest published sections are more than 50 kms from Tutturjaure.
Thelander (1982) described several autochthonous sections from the
Caledonian foreland east of Tutturjaure. In these areas, he subdivided
the Tornetrask Formation into 5 members. The lowest 2 members of the
Tornetrask Formation have been assigned a latest Vendian age, while the
upper three members range in age from lowest to upper lower Cambrian. The
lower quartzite member at Tutturjaure probably correlates with
Thelander's lower sandstone member and is therefore Vendian in age. The
combined thickneses of the 2 phyllite members at Tutturjaure (40 m) makes
it unlikely that both correlate with Thelander's Vendian lower siltstone
member (15 m thick), so at least the upper phyllite member at Tutturjaure
may be younger than lowermost Cambrian. It seems most likely that the
middle phyllite at Tutturjaure correlates with Thelander's Vendian lower
siltstone member and the upper phyllite member correlates with
Thelander's lower Cambrian red and green siltstone member.
STORRIT COMPLEX
Nomenclature
The Storrit complex was named by Hodges (1982) for type exposures on
the mountain Storriten. Within the Sitas map area, Kulling (1964) called
these rocks the Middle thrust rocks or Middle allochthon. This name has
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Figure 2-1: Comparison between the Tornetrask Formation stratigraphy
exposed at Tutturjaure and that exposed in the Caledonian
foreland (Thelander, 1982).
Figure 2-2:
Figure 2-3:
Figure 2-4:
Unconformity between the Rombak-Sjangeli granite gneiss
(pGr) and the quartzite member of the Tornetra'sk
Formation (ta). The white line shows the trace of the
Precambrian foliation truncated by the unconformity.
Quartz-pebble conglomerate from the Tornetrdsk Formation
preserved beneath the Frostisen thrust on Pauketjgkka.
Stretched quartz pebbles in a quartzitic sheet in the
Storrit complex, NE slope of Njunjas.
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been used by Kulling (1964, 1982) and others (e.g. Gee and Zachrisson,
1979; Gee and Kumpulainen, 1980) to describe an association of granite
mylonite, quartzite, and phyllite metamorphosed to greenschist facies
(sub-garnet grade) that is commonly structurally above presumed
autochthonous basement in the northern Swedish Caledonides. Approximately
25 km southwest of the Sitas map area, Kautsky (1952) mapped rocks
similar to the Storrit complex and called them the Akkajaure complex.
This name has been applied recently (Bjorklund, 1981) to a 200 km long
transect of Storrit-like rocks that crop out a few kms to the south of
the Sitas map area. Gustavson (1966, 1974) called similar rocks on the
west side of the Rombak window the Storfjell Group.
Storrit complex was chosen as the name for this lithological
association within the Sitas area for 4 reasons: 1) the name Middle
allochthon has been applied to a variety of rock associations found at a
particular structural level and is therefore not a suitable name for a
lithological association, 2) the Akkajaure complex of Bjorklund (1981,
and pers. comm., 1983) is dominated by granitic mylonites while the
Storrit complex is dominated by phyllonitic schists, 3) the Storfjell
Group is not a continuous sedimentary sequence, but is a tectonic
assemblage of meta-sedimentary and meta-plutonic rocks and therefore
calling it a group is not in accordance with stratigraphic nomenclature.
and 4) the Storrit complex is continuous from its type area on Storriten
into the Sitas map area.
General comments:
Structurally, the Storrit complex is a very complicated unit. It
consists of a schuppen zone of granitic and quartzitic mylonites in a
matrix of phyllonitic schist. Lithological contacts are assumed to be
fault contacts, although this can seldom be demonstrated in the field.
The common association of granite mylonite and quartzite suggests that
many of the quartzites may be in depositional contact with the adjacent,
often underlying granites. In a few exposures (for example on the
northeast slope of Njunjas, Plate 1) this can be demonstrated. There, the
depositional contact between a quartzitic conglomerate and a granitic
gneiss is preserved in a fault slice.
The phyllonitic schists that make up the matrix of the Storrit complex
are heterogeneous lithologically. This heterogeneity suggests that
the Storrit schists consist of a tectonically interleaved sequence of
schists. Unfortunately, it was seldom possible to follow faults through
the Storrit schists, so the schists have not been subdivided. The
structure of the Storrit complex will be discussed further in Chapter 3.
Storrit granitic mylonite:
Granitic mylonites are present at all structural levels in the Storrit
complex. The mylonites range in size from lenses <1 m thick and a few m
long to a sheet almost 500 m thick on the mountain Perka (Plate 1). The
degree of deformation in the mylonites is variable with textures ranging
from protomylonitic to blastomylonitic to zones where ultramylonites are
developed locally. The mylonites are generally true granites composed of
approximately 60% microcline, 20% plagioclase, 15% quartz and 5% biotite
with accessory fluorite. The mylonitization resulted in 2 textural
changes. The first is a reduction in grain size and the development of a
dimensional preferred orientation of mineral grains. The second is the
development of a spaced cleavage defined by micro shear zones rich in
biotite, muscovite, epidote, chlorite, fluorite, and carbonate.
Generally, as the grain size decreases the mica + epidote + carbonate
content increases. The mylonites are commonly well lineated, with a N55"W
trend common. In the field, this appeared to be a stretching lineation,
but thin section study of the mylonites has shown that it is an
intersection lineation between an older mica and dimensional preferred
orientation foliation and a younger mica shear foliation.
Storrit quartzites
The quartzites are light grey to white weathering dense fine-grained
rocks that commonly contain irregular rusty weathering bands. They are
very well foliated with the foliation defined by both a dimensional
preferred orientation of elongate quartz grains and very fine (0.1 mm)
bands of phengitic muscovite and biotite. The quartzites commonly part
along planes that are rich in greenish (phengitic) muscovite. With the
exception of a quartz pebble conglomerate present on the northeast slope
of Njunjas (Figure 2-4), no sedimentary structures or textures are seen
in any of the Storrit quartzites. The white quartzites are composed of
almost 100% quartz, while the greyer varieties contain as much as 25-30%
feldspar.
Storrit schists
A great variety of schists are found in the Storrit complex. These
include graphite-rich quartz + muscovite phyllites, calcareous biotite
schists and semi-pelitic garnet 2-mica schists. All of the schists are
quartz-rich and more to less graphitic. The Storrit schists are composed
of varying amounts of muscovite + biotite + quartz ± plagioclase t garnet
± calcite ± chlorite + tourmaline + graphite. Rare calcite marble
interbeds occur in the Storrit complex, but no amphibolite or ultramafic
rocks are included. The contacts between the different schists are
irregular and may be either gradational or sharp. The contacts are
probably both sedimentary and tectonic. The different types of schists
were interleaved on too small a scale to be mapped, so none of the
schists were separated out as mappable units.
A phyllonitic cleavage is well developed in the Storrit schists. All
earlier foliations are transposed by this cleavage. Floating microfolds
are ubiquitous in these rocks. Retrogression of garnet bearing
assemblages to chlorite + biotite is associated with the formation of
this cleavage.
In the northwest part of the map area, (e.g. on the northeast slope of
Filfjell, Plate 1) garnet is present at all structural levels within the
Storrit complex. To the southeast of Filfjell, garnet bearing rocks
become less abundant within the Storrit complex. Garnet-bearing Storrit
rocks are last present just beneath the Mereftasfjell thrust on
0 0
Rapetjakka. No garnet-bearing Storrit schists occurr on either the
Moukeris or Perka klippen or on Njunjas. This could indicate the presence
of a metamorphic gradient in the Storrit complex, a possibility that is
discussed further in Chapter 4.
Correlation between the Storrit complex and Basement complex:
The differences in metamorphic grade (upper vs. lower greenschist
facies) and degree of deformation between the Storrit complex and the
Basement complex precludes correlation between them. However, their
general lithologies are strikingly similar. In particular, the less
deformed Storrit granite mylonites are lithologically identical to
protomylonitic Rombak-Sjangeli granite gneiss. Even the accessory phases
of the Storrit mylonites (fluorite and apatite) are the same as those of
the Rombak-Sjangeli granite gneiss. The graphitic Storrit phyllites are
very similar to the middle Cambrian Alum Shale of the Dividal group
exposed 50 km to the southeast on Stora Sjofjallet. The quartzites and
remaining schists of the Storrit complex are similar to rocks of the
Tornetrask Formation exposed at Tutturjaure. The Storrit complex is
therefore considered to be a transported and higher grade equivalent of
the Rombak-Sjangeli granite gneiss and its Dividal group cover.
No appreciable thickness of calcareous rock is known from the Dividal
Group at this latitude (Foyn, 1967; Thelander, 1982), while slices with
up to several 10's of meters of calcareous biotite schist are
incorporated into the Storrit complex. There are 2 possible explanations
for this discrepancy: 1) the Dividal Group stratigraphy becomes more
calcarious to the west as suggested by Bartley (1981) in correlation of
the Storvann group on East Hinnpy with the Dividal group, or 2) the
Storrit complex incorporates calcareous rocks that are stratigraphically
above the Dividal Group, possibly an equivalent of the Ordovician
carbonate rocks present above of the Cambrian black shales in Jamtland
(Gee and Zachrisson, 1979).
LANGVATN ASSEMBLAGE:
Introduction:
The Langvatn assemblage consists of a sequence of schists, gneisses,
amphibolites, marbles and ultramafic rocks metamorphosed to
mid-amphibolite facies. The Langvatn assemblage is named here for
exposures near the lake Langvatnet (Plate 1). These rocks have undergone
a complex deformational history (see Chapter 3) that includes at least 5
phases of folding (F2 , F3 , F4 , F5 , F6) and 3 phases of thrust faulting
(Tl, T2 , T5). The Langvatn assemblage has suffered a more complex
structural history than the underlying Storrit or Basement complexes.
Only the latest phase of thrusting (T5) and the latest 2 phases of
folding (F5 , F6) are recognized in the Storrit and Basement complexes.
The Langvatn assemblage has been mapped and described by numerous
workers who have given it a variety of names. Kulling (1964, 1982) called
the rocks of the Langvatn assemblage the Upper allochthon. Hodges (1982)
called this assemblage the Upper nappe complex. Foslie (1941) mapped
rocks of the Langvatn assemblage but never formally named them. Gustavson
(1966, 1964) on the basis of a compilation of his mapping in Ofoten and
that of Foslie and others subdivided the Caledonian metamorphic rocks
into 3 groups: the Rombak, Narvik, and Salangen Groups. Both the Rombak
and Salangen groups contain significant amounts of meta-carbonate rocks,
while the Narvik Group is dominated by metamorphosed terrigenous
sedimentary rocks. The Langvatn assemblage is part of the Narvik group.
Workers in the Central Scandinavian Caledonides have divided the
Caledonian metamorphic rocks into a sequence of relatively thin,
laterally extensive nappes (for a review see Gee, 1975; Gee and
Zachrisson, 1979; or Dyrelius et al., 1980). These workers would include
the Langvatn assemblage in the Koli nappe because of its structural
position and its dominantly metamorphosed terrigenous clastic
composition.
I have chosen to name this lithological association the Langvatn
assemblage rather than use the existing names for several reasons: 1)
the Upper allochthon is not the highest structural unit, so the name is
misleading. 2) The term Upper allochthon has been used to describe a
variety of dissimilar lithological associations that structurally overlie
Storrit-like granite mylonites and is therefore not a good name for a
lithological association. 3) The Narvik Group is not a continuous
depositional sequence of rock, but an association of tectonic slices, so
calling it a group is not in accordance with stratigraphic nomenclature.
4) The Koli contains a sequence of low grade phyllites that contain
Ordovician fossils. As no fossils are present in the Langvatn assemblage
rocks at Sitas their age is not known. Correlation of the Langvatn
assemblage with the Koli would imply an Ordovician age, an implication
that is not justified. 5) As will be discussed later, the Langvatn
assemblage in the Sitas area appears to be a fore-arc accretionary
complex that has been metamorphosed to amphibolite facies. Since this
cannot be demonstrated as yet for the rest of the Narvik Group, the Koli
nappe or the Upper allochthon a local name, the Langvatn asemblage, has
been adopted.
The structurally lowest units of the Langvatn assemblage are present
in the core of a major southeast plunging northeast vergent antiform, the
Baugefjell antiform (Plate 2, section A-A'). Only the lowest 3 rock units
0
of the Langvatn assemblage, the Raudvatn complex, the Skjafjell schist
and the Baugefjell amphibolite occur on both sides of the antiform
because higher units are cut out along tectonic contacts (see Plates 1,
2). The Baugefjell antiform becomes tighter and then isoclinal in the
southeast part of the Sitas study area where both limbs dip to the
southwest. At the southeast end of the Sitas area, the isoclinal
0
Baugefjell antiform is cored by the Skjafjell schist but because of
tectonic contacts, rock units are not repeated on the overturned limb
(see Plate 2). This produces an apparent southwest dipping homoclinal
section.
Three tectonostratigraphic sections are recognized and are shown in
a structural stacking diagram (Figure 2-5). Two of the sections are
from the northwest end of the Sitas area, one on the southwest limb of
the Baugefjell antiform from approximately Ruonasdal to Baurojaure, and
the other on the northeast limb of the antiform from Ruonasdal to
Forsvatnet (lake 623). The third section is from the southeast end of
0 0 0
Sitas from approximately Rapetjakka to Markojakka, where the Baugefjell
antiform is isoclinal. The descriptions that follow are based largely on
observations in the northwest part of the map area where the effects of
the D4 and D5 deformations are less intense, but the general descriptions
also apply to the more deformed southeast part of the map area. The
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descriptions are given first for the structurally lowest units and then
for structurally higher units.
In the Sitas area, no evidence exists for stratigraphic facing. Hodges
(1982) presented evidence that rocks of the Langvatn assemblage that crop
out on the north side of Langvatnet, adjacent to the Sitas area, are
overturned. Hodges' interpretation is based on the presence of a major
isoclinal fold that is cored by the Reppi schist to the northwest of the
Sitas area. On the north limb of this isoclinal fold, the Elvenes
conglomerate marks the unconformity between the Narvik Group (Langvatn
assemblage) and the overlying Salangen Group composed of metamorphosed
platform-type carbonate rocks. Hodges (1982) concluded that clasts in the
Elvenes conglomerate were derived from the underlying Narvik Group.
Therefore, he concluded that the unconformity and the north limb of the
isocline are upright. This implies that the south limb of the isocline,
which continues into the Sitas map area is overturned. If this is
correct, then the stratigraphy in the northwest part of the Sitas area
(the 2 northwest sections Figure 2-5) is overturned and only the
0
stratigraphy in the southeast part of the Sitas area below the Skjafjell
schist is upright (southeast section Figure 2-5)
All lithological contacts parallel the regional mica foliation. Only
very locally have zones of concentrated strain been observed along
lithological contacts. However, as will be discussed below, stratigraphic
evidence indicates that many of the lithological contacts are tectonic
contacts that may have large amounts of displacement across them.
Raudvatn complex:
The Raudvatn Complex was first recognized by Hodges (1982) and named
for exposures on the shores of the lake Raudvatnet, approximately 15 km
northwest of Sitas. Hodges traced the Raudvatn complex to the north shore
of Langvatnet where it strikes southeast towards exposures of melange on
the south shore of Langvatnet.
The Raudvatn complex is a chaotic unit composed of lenses of marble,
amphibolite, and ultramafic rocks in a matrix of psammitic garnet 2-mica
schist. The marbles are light grey weathering and are either pure calcite
or calcite + quartz marbles. In general, the amphibolites are fine
grained, dark green weathering hornblende + epidote + plagioclase +
quartz + sphene amphibolites, but coarser grained hornblende +
plagioclase + quartz + sphene amphibolites, garnet amphibolites, and
carbonate bearing (para-?) amphibolites are also present. Relict igneous
textures are rare in the Raudvatn amphibolites. The amphibolites are
quite heterogeneous and their composition suggests they were both
meta-volcanic and meta-intrusive rocks.
The ultramafic lenses vary in size from a few 10's of m across to a
400 m long pod on the south slope of Baugefjell (Plate 1 and Figure 2-6).
In the field, the ultramafic pods form very distinctive reddish brown
weathering outcrops. The igneous ultramafic mineralogy has been
completely replaced by assemblages of serpentine ± actinolite ±
hercynite. Relict igneous textures, both equant-euhedral and acicular
pyroxene pseudomorphs (Figure 2-7) in serpentine are commonly preserved.
The lenses occur in a matrix of light to medium grey weathering garnet
2-mica psammitic schist and calcarious psammite. The garnet schists
contain an assemblage of garnet + biotite + muscovite + quartz +
plagioclase + epidote. The garnets range in size from 1 mm to >1 cm.
Muscovite commonly forms large anastomosing partings surfaces. Quartz
stringers are common.
Included in the Raudvatn complex is a large slab of light grey, smooth
weathering quartz-rich, granoblastic calc-psammite. A distinctive 1-2 m
thick plagioclase augen psammite is often present at the base of this
unit. It contains feldspar augens and garnet clots up to 5 mm long in a
matrix of biotite + muscovite + quartz + plagioclase. This calc-psammite
cores the Baugefjell antiform, but is probably not laterally extensive as
it does not continue across Langvatnet to the area mapped by Hodges
(1982). In the field, the contacts of this psammite were drawn at the
disappearence of garnet. However, later thin-section study revealed that
some samples of the psammite contained >10% fine-grained (<0.5 mm)
garnet. In general, the psammite is composed of quartz (50%), plagioclase
(20%), biotite (10%), muscovite (5%), epidote (3%) and calcite (2%).
0
The Raudvatn schists are almost identical to the overlying Skjafjell
schist and in general can only be differentiated by the presence of
lenses of carbonate, mafic. and ultramafic rocks in the Raudvatn complex.
However, in the northwest part of the Sitas area where the effects of the
D5 deformation are less pervasive, the Raudvatn schists typically weather
more flaggy and contain more garnet free psammitic interbeds than the
0
overlying Skjafjell schists. Towards the southeast part of the Sitas
area, the D5 deformation becomes more pervasive and this difference in
weathering is no longer obvious.
The base of the Raudvatn complex is not exposed. The top was mapped at
the thin but laterally continuous Baugefjell amphibolite. Although the
Baugefjell amphibolite was mapped as a seperate formation, it is probably
part of the Raudvatn complex because the transition from the more
psammitic flaggy weathering Raudvatn schists to the more pelitic smoother
0
weathering Skjafjell schist occurs a few 10's of m above the Baugefjell
amphibolite. However, the change in the type of schist is often difficult
to determine, particularly towards the southeast part of the map area, so
the top of the Raudvatn complex was drawn at the Baugefjell amphibolite.
The chaotic nature of the Raudvatn complex with lenses of carbonate,
mafic and ultramafic rocks intercalated with a semi-pelitic schist
strongly suggests that the Raudvatn complex is not a continuous
depositional unit. The lense-like geometry of the mafic and ultramafic
rocks in the Raudvatn complex suggests that these rocks are not volcanic
rocks deposited with the psammitic schist. The presence of ultramafic
rocks without adjacent mafic rocks implies that the ultramafic rocks are
not the cumulate ultramafic portion of a mafic intrusive body that
intruded the schist. The carbonate, mafic and ultramafic lenses in the
Raudvatn complex appear to be tectonic slices.
The Raudvatn complex is a unit composed of a semi-pelitic schist that
has been tectonically interleaved with carbonate, mafic and ultramafic
rocks, or a tectonic melange. Tectonite fabrics associated with the
formation of the Raudvatn complex melange are not present. Any fabrics
associated with the formation of the melange have been overprinted by
fabrics that developed during the amphibolite facies metamorphism of the
Langvatn assemblage. Because the Raudvatn complex is a tectonic melange,
0
its contact with the overlying Skjafjell schist is considered to be
tectonic. Tectonite fabrics associated with movement along this contact
0
are not present. The tectonic nature of the Raudvatn complex-Skjafjell
schist contact is only expressed in the chaotic nature of the Raudvatn
complex.
Baugefjell amphibolite:
The Baugefjell amphibolite is a thin (10-50 m thick) but laterally
continuous dark to light green weathering fine grained amphibolite. It
can be followed as discontinuous pods from Langvatnet along the west
slope of Filfjell to the Filfjell-Baugefjell valley (Plate 1). From there
0 0
to Kabtajaure, on both sides of the Baugefjell antiform, the Baugefjell
amphibolite appears continuous. The Baugefjell amphibolite disappears
0 0
beneath Kabtajaure, but does not reappear further east and is presumed to
0 0
close out around the Baugefjell antiform beneath Kabtajaure. On
Baugefjell (Plate 1), the Baugefjell amphibolite appears to thicken
greatly, cropping out over several kms 2 . However, the apparent increase
in thickness is due to the interference of F4 and F6 folds.
Typically, the Baugefjell amphibolite is a fine-grained hornblende +
epidote + plagioclase + quartz + sphene amphibolite. It is commonly well
banded on a scale of cms to 10's of cms with carbonate bearing and more
felsic epidote + plagioclase + biotite + chlorite + quartz + sphene bands
common. Thin (cm to 10's of cms thick) interbeds of calcarious psammite
and orange weathering calcite marbles are relatively common. Locally,
Figure 2-6:
Figure 2-7:
Ultramafic pod (ru) in the Raudvatn complex, north shore
of Baugevatnet.
Pyroxene pseudomorphs in ultramafic pod, Raudvatn complex.
Graded bedding, Skjafjell schist.Figure 2-8:
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relict igneous textures (plagioclase microlites and acicular pyroxene
pseudomorphs) are preserved.
The fine-grain size, relict acicular pyroxene, compositional
heterogenity, and interbedded sedimentary rock suggests a volcanic
protolith for the Baugefjell amphibolite.
0
Skjafjell schist:
0
The Skjafjell schist is a grey weathering garnet 2-mica schist. It was
first recognized by Hodges (1982) and named for exposures on the mountain
0 0
Skjafjell 20 km northwest of the Sitas area. Hodges traced the Skjafjell
0
schist from its type area on Skjafjell to the north shore of Langvatnet
and showed it closing out in a north plunging synform. No evidence can be
found 200 m to the south on the south shore of Langvatnet for this
0
synformal closure, and the Skjafjell schist appears to continue across
Langvatnet into the Sitas study area.
0
The Skjafjell schist is a garnet + biotite + muscovite + quartz +
plagioclase ± epidote ± tourmaline schist. Euhedral, inclusion-rich
almandine garnet is very conspicuous on the weathered surface. The garnet
varies greatly in size from <1 mm to >5 cm. Thin (<1 cm) quartz stringers
are ubiquitous. Garnet-free calcareous psammitic interbeds 30 cm to 10 m
thick are common. Interbeds of hornblende garben schist, small (<1 m to
10's of m long) amphibolite pods, and thin (<1 m thick) calcite marble
0
interbeds are present in the Skjafjell schist, but are rare.
Rhythmic alternations of more quartzitic and more pelitic beds on a
scale from cms to 10's of cms is common. Very locally, graded bedding has
been observed (Figure 2-8). The rhythmic layering, graded bedding, and
0psammitic bulk composition of the Skjafjell schist indicates that the
0
Skjafjell schist may represent metamorphosed flyschoid sediments.
0
The contact between the Skjafjell and underlying Baugefjell
0
amphibolite and Raudvatn complex melange is sharp. Because the Skjafjell
schist overlies a tectonic melange, its basal contact is thought to be a
tectonic contact. On the southwest limb of the Baugefjell antiform, the
0
Skjafjell schist is overlain by the Reppi schist, while on the northeast
0
limb of the Baugefjell antiform, the Skjafjell schist is overlain by the
Filfjell complex. The Filfjell complex is not recognized southeast of the
0
Filfjell-Baugefjell valley (Plate 1), and there the Skjafjell schist is
0 0
overlain by the Rapetjakka hornblende schist. Since rock units are cut
0
out along the upper contact of the Skjafjell schist, that contact is
considered to be tectonic, although no tectonite fabrics were observed
along the contact.
0
In general, the contact between the Skjafjell schist and overlying
units is sharp, consistent with the contact being tectonic. However, on
0 0 0
Rapetjakka and Njunjas (Plate 1) the contact between the Skjafjell schist
0 0
and the Rapetjakka hornblende schist is gradational. Also, in the Reppi
0 0
shcist cored synform on the north shore of Kabtajaure (Plate 1), the
0
contact between the Skjafjell schist and the Reppi schist is gradational.
Since tectonic contacts are rarely gradational, it is possible that in
0
these places, the mapped contact with the Skjafjell schist is
depositional. This raises the possibility that the contacts between the
0
Skjafjell schist and overlying units may be depositional in one place and
0
tectonic in another. If this is the case, then where the mapped Skjafjell
0 0
schist contact is depositional (for example on Rapetjakka and Njunjas), a
tectonic contact must structurally underlie that contact within the
0
Skjafjell schist. The possibility that tectonic contacts lie within the
0
Skjafjell schist is supported by the presence of laterally discontinuous
(fault bounded?) marbles, amphibolites, and calc-psammites in the
0 0
Skjafjell schist. The possibility that the Skjafjell schist is a
tectonic assemblage of similar looking garnet schists is supported by the
chaotic structural style of the adjacent Raudvatn and Filfjell
complexes.
0
The Skjafjell schist is the typical schist of the Langvatn assemblage.
The Njunjas schist and the matrix schists of the Marko, Filfjell and
0
Raudvatn complexes are similar to the Skjafjell schist. Only structural
position and minor lithological variations serve to distinguish these
schists. The Njunjas schist contains a higher proportion of calc-psammite
and marble and no amphibolite but is otherwise indistinguishable from the
0
Skjafjell schist. The Filfjell, Marko, and Raudvatn complex schists are
0
typically more heterogeneous than the Skjafjell schist, but in general
0
can only be differentiated from the Skjafjell schist by the presence of
exotic blocks.
Filfjell complex:
The Filfjell complex is a chaotic unit composed of a calcareous
semi-pelitic schist with intercalated lenses of carbonate, mafic and
ultramafic rocks. It is named here for exposures on mountain Filfjell
(Plate 1). The Filfjell complex continues northwest from Filfjell to the
south shore of the lake Langvatnet where it projects across Langvatnet to
exposures of tectonic melange that Hodges (1982) considered to be part of
0the Raudvatn complex. Because Hodges found the Skjafjell schist between
exposures of tectonic melange the north of Langvatnet, he concluded that
0
the Skjafjell schist formed the core of a north plunging synform. As was
mentioned earlier, no evidence for this synformal closure could be found
south of Langvatnet in the Sitas study area. It therefore seems likely
0
that an east-dipping homoclinal sequence of Raudvatn complex-Skjafjell
schist-Filfjell complex exists on the north shore of Langvatnet in the
area mapped by Hodges (1982).
The Filfjell complex contains lenses of ultramafic rocks, marbles and
amphibolite. The lenses range in size from a few m's to >100 m long. The
mineralogy of the ultramafic rocks has been altered to serpentine +
actinolite and talc + magnesite assemblages. The larger ultramafic lenses
are concentrically zoned with a serpentenite core and a talc-magnesite
exterior while the smaller ultramafic pods are entirely altered to
talc-magnesite assemblages. The serpentenite lenses weather a very
distinctive reddish-brown color, while the talc-magnesite lenses weather
a non-descript light grey color. However, the talc-magnesite ultramafic
rocks are very easy to recognize in the field because they contain
euhedral brown magnesite that can be as large as 1-5 cm.
The marbles are both orange and grey weathering banded calcite
marbles. Bands of para-amphibolite and talc-magnesite rock are common in
the marbles. The amphibolites are dominantly carbonate-bearing
para-amphibolites associated with the marbles, but small pods of medium
grained hornblende + plagioclase amphibolites with relict igneous
textures are also present.
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The lenses of ultramafic. mafic and carbonate rocks are floating in a
matrix of heterogeneous garnet 2-mica and calcarious garnet 2-mica
schists. The schists are medium grey weathering and make smooth to pitted
outcrops depending on the carbonate content. Hornblende garben schist
0 0
similar to the overlying Rapetjakka hornblende schist is present in the
Filfjell matrix.
In general, the Filfjell matrix schist is quite similar to the
0
underlying Skjafjell schist, distinguished only by the presence of the
previously described tectonic lenses. Due to the chaotic nature in which
these lenses are interleaved with semi-pelitic schist, the Filfjell
complex is considered to be a tectonic melange. As such, both its upper
and lower contacts are considered to be tectonic. The claim that the
contacts with the Filfjell complex are tectonic is supported by the
disappearence of the Filfjell complex east of the Filfjell-Baugefjell
valley (Plate 1).
The Filfjell and Raudvatn complexes are lithologically similar. The
similarity in composition of both the tectonic lenses and matrix schists
of the two melange complexes suggests that the two complexes might be
correlative. Although this possibility cannot be dismissed, it is not
favored for the following reasons: 1) The Raudvatn complex is overlain
0
by the Skjafjell schist, while the Filfjell complex is overlain by the
0 0
Rapetjakka hornblende schist. 2) The Filfjell matrix schist is somewhat
more calcareous than the Raudvatn matrix schist. 3) Ultramafic pods in
the Raudvatn complex tend to be altered to serpentinites, while
ultramafic pods in the Filfjell complex tend to be altered to
talc-magnesite assemblages.
0 0
Rapetjakka hornblende schist:
0 0
The Rapetjakka hornblende schist is a medium grey weathering
calcareous schist that was mapped but not named by Kulling (1964). It is
0 0
named here for exposures on the mountain Rapetjakka (Plate 1). It often
contains sheath-like aggregates of cm size hornblende giving it a
0 0
distinctive garbenscheiffer texture. The Rapetjakka hornblende schist
contains ankeritic carbonate which weathers out to give outcrops a
distinctive pitted weathered surface. Thin (<1 cm to >30 cm thick)
0 0
discontinuous orange weathering marbles are common in the Rapetjakka
hornblende schist. Common mineral assemblages include: hornblende +
epidote + biotite + muscovite + ankerite + quartz + sphene; garnet +
hornblende + biotite + muscovite + quartz + plagioclase + epidote +
sphene + tourmaline; and garnet + biotite + muscovite + epidote +
plagioclase + quartz.
As mentioned above, the contact with the underlying Filfjell complex
melange is sharp and is presumed to be tectonic. Southeast of the
Filfjell-Baugefjell valley, where the Filfjell complex wedges out, the
0 0
contact between the Rapetjakka hornblende schist and the underlying
0
Skjafjell schist is sharp and presumed to be tectonic. On
0 0 0
Pauketjakka, the Rapetjakka hornblende schist is truncated by the
0 0
Mereftasfjell thrust. To the southeast, where it reappears on Rapetjakka
0 0
and Njunjas, the contact between the Rapetjakka hornblende schist and the
0
Skjafjell schist is gradational and may be depositional.
0 0 0
The contact between the Skjafjell and Rapetjakka hornblende schists
was drawn at either the first appearance of hornblende or the first thick
(>2 m thick) bed of pitted weathering calc-psammite. The contact between
0 0
the overlying Njunjas schist and the Rapetjakka hornblende schist is
generally gradational and is considered to be depositional. The contact
was drawn at the first appearence of hornblende.
Njunjas schist:
The Njunjas schist is a mixed sequence of calcareous psammites and
garnet 2-mica schists. The Njunjas schist is named here for exposures on
the mountain Njunjas (Plate 1). The variability of the Njunjas schist is
its most distinctive feature. Along with garnet 2-mica schists that are
0
very similar to the Skjafjell schist, the Njunjas schist contains
significant ammounts of garnet-free biotite-rich calc-psammite and orange
weathering calcite marble. No amphibolites have been found in the Njunjas
schist.
The top of the Njunjas schist is not exposed in that it is marked by
the Mereftasfjell thrust. The basal contact of the Njunjas schist with
0 0
the Rapetjakka hornblende schist is gradational and is likely a
depositional contact.
Reppi schist:
The Reppi schist was named by Foslie (1941) during his work in the
Tysfjord region which included part of the Sitas area. The Reppi schist
is a dark (chocolate) brown weathering calcareous schist. It weathers
into flaggy outcrops due to the alternation of more and less calcareous
bands a few to 10 cms thick. Intrafolial folds are ubiquitous in the
Reppi schist. Typically, the Reppi schist has a garnet + biotite +
plagioclase + clinozoisite + calcite + quartz assemblage. It is often
clinozoisite rich with abundant randomly oriented white clinozoisite
laths visible on weathered foliation planes. Hornblende is locally
present towards the base of the unit. Although hornblende-bearing Reppi
0 0
can be superficially similar to the Rapetjakka hornblende schist, the
Reppi can always be identified by its dark brown color, prominant banding
and higher carbonate content.
The persistent 2-10 cm thick rhythmic layering of the Reppi schist is
reminiscent of bedding in thin-bedded turbidites. That and its
calc-psammitic bulk composition indicate that the Reppi schist may be a
metamorphosed calc-flysch deposit.
Marko complex:
Structurally above the Reppi schist and exposed from Geittind to
0
Markojakka is the Marko complex. It is named here for exposures on the
0
mountain Markojakka (Plate 1). The Marko complex is a chaotic unit
composed of lenses and blocks of gabbro, massive amphibolite and pillowed
volcanic rocks in a matrix of heterogeneous garnet gneisses. The chaotic
nature of the Marko complex suggests that the Marko complex, like the
Raudvatn and Filfjell complexes, is a tectonic melange.
0
Kulling's (1964) map of the Markojakka region shows a large continuous
amphibolite coring a synform above the Reppi schist. Although abundant
mafic rocks occur in the Marko complex, a large continuous mafic body
such as that shown by Kulling (1964) does not exist.
The contact between the Reppi and the Marko complex is sharp and may
0
be tectonic. Between peak 1341 and Markojakka (approximately 20 km), the
Marko complex thickens from <50 m thick to a thickness of >1.5 km. This
increase in thickness occurs by the addition of tectonic slices within
the Marko complex. Reconaissance to the west of peak 1341, outside of
the Sitas study area indicates that there the Marko complex wedges out
completely.
Two large (0.5 km thick) mafic plutonic slices occur within the Marko
complex: the Geittind amphibolite crops out from Geittind to Labtejaure
0
and the Marko gabbro crops out on the south side of Markojakka. Both
plutonic bodies are bounded by tectonic contacts. A mylonitic foliation
is developed locally at the bases of these mafic plutonic slices (Figure
3-5). The tectonite fabrics associated with these contacts are the only
such fabrics associated with melange formation observed in the Sitas
area.
The Geittind amphibolite is a medium grained plagioclase-pyroxene(?)
gabbro that has been replaced by a hornblende + plagioclase +
clinozoisite ± biotite ± calcite assemblage. Relict igneous textures
(medium grained ophitic pyroxene and euhedral plagiolclase laths) can
often be recognized in the amphibolite. A foliation defined by the
alignment of hornblende and clinozoisite is often present.
Three phases of mafic intrusive activity are present in the Geittind
amphibolite. The first of these produced a felsic fine-grained
amphibolite that occurs as xenoliths in the second phase gabbro, a
coarser grained more mafic amphibolite which makes up the bulk of the
body. The third phase produced a series of thin (5-30 cm thick) diabase
dikes. These dikes have been transposed and now parallel the regional
62
foliation. Locally, younger dikes intrude older dikes giving the Geittind
amphibolite the appearance of a sheeted dike complex.
The Marko gabbro is a layered olivine, 2-pyroxene gabbro (Figure 2-9).
The scale of the layering varies from cms to 10's of m. The layering is
cumulate in origin and is defined by the parallel alignment of
plagioclase laths and variations in the olivine/pyroxene ratio. This
cumulate foliation has a very constant attitude of approximately N80*W,
vertical. In as much as this foliation represents a paleohorizontal, the
thickness of the intrusive body from which the Marko gabbro slice was
derived can be estimated to be greater than 2.5 km.
Prior to the development of the basal mylonitic foliation of the Marko
gabbro and its emplacement in the Marko complex, the gabbro was fractured
along a set of high angle fractures (now oriented N20*E,80*NW). Along
these fractures a set of amphibolite veins characterized by the static
replacement of the igneous mineralogy by a greenschist-facies assemblage
of actinolite + epidote + albitic plagioclase developed.
The basal contact of the Marko gabbro is mylonitized and both the
mylonitic foliation and the base of the gabbro are often invaded by the
leucosome of the Marko matrix migmatites. Even so, the gabbro is
suprisingly unmetamorphosed and undeformed. The consistancy of the
attitudes of both the cumulate layering and the amphibolite veins along
with their strong discordance with the basal mylonitic foliation
demonstrates that the Marko gabbro has not been folded. The preservation
of both the igneous mineralogy of the gabbro and the greenschist-facies
mineralogy of the amphibolite veins argues that the interior of the
gabbro did not recrystallize in response to the Caledonian metamorphism
even though the margin of the gabbro was invaded by migmatitic leucosome.
The lack of deformation and metamorphism is probably due to the anhydrous
mineralogy of the Marko gabbro. This phenomenom is similar to that
postulated by Bartley (1982) to explain the lack of deformation and
recrystallization within the basement gneisses on Hinny, North Norway.
Numerous tectonic slices of amphibolitized mafic volcanic rocks and
volcanogenic sedimentary rocks occur within the Marko complex. These
slices range in size from pods <1 m in diameter (Figure 2-11) to the 2 km
0
long, 0.5 km thick volcanic slice on Markojakka. Locally, distinctive
pillows are present within these volcanic rocks (Figure 2-10). However,
the volcanics have been tightly folded and commonly possess a well
developed stretching lineation that obscures primary structures. Massive
volcanic rocks commonly grade into an epidote rich mafic schist that is
interpreted as volcanogenic sedimentary rocks.
The volcanic rocks range from a massive dark green weathering
fine-grained amphibolite to a lighter "epidote" green weathering schist.
The massive amphibolite is locally cut by a net of fine (1-5 mm) epidote
filled fractures. In thin section the amphibolite is composed of very
fine-grained (<0.2 mm) green hornblende + plagioclase + quartz with minor
brown biotite and opaques. Early quartz veins and the long axes of
hornblende define a well developed foliation.
These volcanic amphibolites are lithologically similar to the volcanic
Baugefjell amphibolite, but easily can be distinguished from it by: 1)
their setting in the Marko matrix schists; 2) the presence of pillow
Primary mineralogical layering, Marko gabbro.
Figure 2-10: Pillow structure in amphibolite, Marko complex.
Figure 2-11: Small amphibolite pod (ma), Marko complex.
Figure 2-9:
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structures in the Marko volcanic rocks; and 3) the common presence of a
stretching lineation in the Marko volcanic rocks.
A variety of gneisses make up the matrix of the Marko complex, but the
fine scale of the tectonic mixing of the Marko complex precluded mapping
them as seperate units at this scale. The 3 most common gneiss
lithologies are: 1) a garnet migmatite that commonly contains xenoliths
of the melanosome; 2) a garnet-mica gneiss in which the garnets are
commonly strung out in the foliation; and 3) a banded calc-silicate
gneiss.
In addition to these felsic gneisses, mafic volcanic rocks and
volcanogenic sedimentary rocks are common in the Marko matrix. These
volcanic rocks are identical to the volcanic rocks mapped as tectonic
slices, but were too intimately associated with the felsic gneisses to be
mapped at this scale. Locally, there can be as much as 50% mafic volcanic
rocks in the matrix gneisses.
The migmatitic gneiss is a light grey weathering garnet feldspar-augen
gneiss. Xenoliths of a more mafic gneiss (several to >10 cms long) are
common but not ubiquitous. The gneiss ranges in composition from an
aluminous quartz monzonite to an aluminous trondjemite. It is composed of
plagioclase (25-40%), microcline (10-40%), quartz (10-20%), biotite
(10-20%), epidote + clinozoisite (1-10%), garnet (2-5%), and sphene
(2-5%). Muscovite is only present as inclusions in plagioclase.
Simplectic intergrowths of plagioclase + quartz and microcline + quartz
are common.
The garnet-mica gneiss is a grey weathering calcarious garnet
0psammite. It easily could be confused with the Skjafjell schists except
that coarse grained (5 mm) garnets are commonly strung out in the
foliation of the former. Mineral assemblages observed in the garnet
gneisses are: garnet (1-5%) + biotite (10-35%) + plagioclase (5-60 %) +
quartz (20-45%) + clinozoisite (2-20%) ± muscovite (0-15%) ± microcline
(0-5%) ± kyanite (0-10%) ± actinolite (0-15%) ± zoisite ± epidote ±
sphene. Although these assemblages are somewhat calcic, no carbonate
minerals occur in the garnet gneisses nor is the characteristic pitted
0 0
weathering of the Reppi schist and the Rapetjakka hornblende schist
present.
The calc-silicate gneiss is a grey weathering banded gneiss.
Compositional layering of alternating biotite-rich and clinozoisite +
actinolite-rich bands on a 0.5 cm scale defines a well developed gneissic
foliation. The more pelitic bands are composed of biotite + actinolite +
clinozoisite + quartz + sphene, while the more calcareous bands are
composed of actinolite + clinozoisite + quartz + plagioclase + sphene.
Although the Marko complex is a tectonic melange it is distinct from
the other two tectonic melanges mapped in the Sitas area, the Raudvatn
and Filfjell complexes. The composition of both the "exotic blocks" and
the matrix is sufficiently different from either the Raudvatn or Filfjell
complexes to preclude correlation. In contrast to the Raudvatn and
Filfjell complexes, the Marko complex contains no ultramafic or carbonate
rocks, all of the "exotic blocks" are mafic plutonic and volcanic rocks.
The migmatitic and microcline-bearing garnet gneisses that are common in
the Marko complex are not present in either the Raudvatn or Filfjell
complexes, nor are the carbonate bearing garnet 2-mica schists of both
the Filfjell and Raudvatn complexes present in the Marko complex. The
chaotic melange character of the Marko complex suggests that both its
upper and lower contacts are tectonic. This assumption is supported by
the large change in thickness of the Marko complex between Marko and peak
1341 (Plate 1).
Hjertevatn migmatitic gneiss:
Structurally above the Marko complex on Geittind and along the shores
of Bavrojaure is the Hjertevatn migmatitic gneiss (Plate 1). This unit
was first described by Hodges (1982) and named for exposures along the
shore of the lake Hjertevatnet, approximately 20 km from the Sitas area.
Along Hjertevatnet, the gneiss was considered to be a
0
tectono-stratigraphic unit between the Skjafjell schist and the Raudvatn
complex. However, upon tracing the unit to the east around Raudvatnet,
Hodges (1982) found the gneiss to cut into the underlying Raudvatn
complex and tentatively concluded that it was intrusive. If the
migmatitic gneiss on Geittind is correlative with the lithologically
identical gneiss at Hjertevatnet, then it must rise several hundred
meters up section between Hjertevatnet and Geittind as it occurs above
the Reppi schist and the Marko complex on Geittind (see Figure 2-5). This
suggests that the Hjertevatn gneiss may be an intrusive or fault bounded
unit rather than a stratigraphic unit. Between Hjertevatn and Geittind,
the Hjertevatn gneiss cuts across the tectonic contacts that bound the
Filfjell and Marko complexes. This implies that the Hjertevatn gneiss was
emplaced during an intrusive or faulting event later than the one which
formed the Filfjell and Marko melanges. An intrusive origin for the
Hjertevatn gneiss is preferred.
The Rb/Sr isotopic systematics of the banded Hjertevatn gneiss were
examined (see Chapter 5). The Sr systematics can be explained by
considering the Hjertevatn gneiss to be a two-component mixture between a
felsic melt with juvenile Sr and an enigmatic Rb-poor, enriched Sr
bearing component. The Sr systematics do not allow the Hjertevatn gneiss
to contain more than a few percent of a Rb-rich, enriched Sr clastic
sedimentary component. It therefore seems unlikely that the Hjertevatn
gneiss is a migmatite complex. Rather, it seems more likely that the
Hjertevatn gneiss is an injection gneiss complex and that the Hjertevatn
leucosome is largely a felsic melt with juvenile Sr.
The Hjertevatn migmatitic gneiss is composed of interleaved banded
tonalitic (leucosome) to amphibolitic (melanosome) gneiss (Figure 2-12)
and calcarious garnet 2-mica psammite. The proportion of banded gneiss to
psammite varies from 2/1 to approximately 1/10. The basal contact of the
Hjertevatn gneiss was mapped at the first banded tonalitic-amphibolitic
gneiss and the upper contact was drawn at the base of the distinctive
Bauro kyanite gneiss.
The leucosome of the Hjertevatn gneiss is composed of sodic
plagioclase (25-60%), microcline (5%), quartz (15-25%), muscovite
(15-30%), biotite (1-15%), and epidote (<1%). The melanosome is composed
of actinolitic hornblende (30%), epidote (25%), plagioclase (15%),
biotite (20%), quartz (10%), and sphene (1%). The calcareous garnet
2-mica psammite is a grey weathering garnet psammite that is
lithologically similar to the garnet 2-mica psammites of the underlying
Marko complex.
Although migmatities are present in the Marko complex, the finer
grained well banded gniesses of the Hjertevatn migmatitic gneiss are easy
to distinguish from the coarser grained more massive Marko migmatites.
The Hjertevatn gneiss is muscovite bearing while no muscovite is found
in the Marko migmatites. In addition, none of the 5-20 cm long xenoliths
that are common in the Marko migmatites occur in the Hjertevatn
gneiss.
Bauro kyanite gneiss:
The Bauro kyanite gneiss is a very distinctive garnet-kyanite gneiss.
It is named here for exposures along the lake Bavrojaure (Plate 1). It is
resistant to weathering relative to the surrounding schists and gneisses
and forms a series of islands across Bavrojaure. The Bauro gneiss has a
constant thickness of approximately 50 m. It appears to be a laterally
continuous unit as it has been recognized on Lifjellet approximately 30
km to the west (J. Bartley, pers. comm., 1984). The Bauro gneiss is a
dark grey weathering garnet-kyanite gneiss with small (2-5 mm, 1-10 cm
long) kyanite bearing felsic segregations (migmatitic segregations?) and
abundant quartz stringers. The Bauro gneiss contains small (<I mm),
round, inclusion-poor, magenta-colored garnets that are quite different
from the inclusion-rich deeper red garnets found in the other Langvatn
assemblage schists and gneisses. The Bauro gneiss is composed of garnet
(25%), kyanite (1%), biotite (20%), muscovite (24%) plagioclase (5%), and
quartz (25%).
Bauro schist
The structurally highest unit mapped in ths Sitas area is the rusty
brown weathering Bauro schist. It is named here for exposures on the
south slope of Geittind above the lake Bavrojaure. The rusty-brown color
of the Bauro schist is particularly pronounced in very recently glaciated
areas, but even away from the toes of glaciers, the grey to brown color
transition from the Bauro kyanite gneiss to the Bauro schist is quite
pronounced. The Bauro schist is composed of garnet (10-15%), biotite
(15-25%), muscovite (10-30%), plagioclase (10-45%) and quartz (15-20%).
The brown color is due to the presence of 2-3% opaque oxides. The
thickness of the Bauro schist is unknown because its top was beyond the
area mapped.
Trondjhemite and pegmatite intrusives:
Small bodies of trondjhemite and pegmatite are common in parts of the
Langvatn assemblage, but are not present in the Basement complex, the
Storrit complex or in other parts of the Langvatn assemblage. These
bodies were all too small to map at 1:25,000. No trondjhemites or
pegmatites are present in any part of the Langvatn assemblage
stratigraphy exposed in the northeast limb of the Baugefjell antiform.
More precisely, no felsic rocks intrude the Raudvatn complex, Baugefjell
0 0 0
amphibolite, Skjafjell schist, Filfjell complex, Rapetjakka hornblende
schist or Njunjas schist. On the southwest limb of the Baugefjell
antiform, pegmatites and trondjemites are present in all units above the
0
Skjafjell schist: the Reppi schist, the Marko complex, the Hjertevatn
migmatitic gneiss, the Bauro kyanite gneiss, and the Bauro schist. One
Figure 2-12: ~Banded Hjertevatn gneiss.
Figure 2-13: Pegmatite intrusive truncating S2 , Bauro kyanite gneiss.
Figure 2-14: Boudined pegmatite dike, Reppi schist. The long axes of
the boudins lie in the S3 foliation which here is parallel
to S2 *
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small trondjemite body occurs in the Skjafjell schist approximately 50 m
below the contact with the Reppi schist at the northwest end of the
Geittind ridge.
These felsic intrusives are considered to be mobilized partial melts
devived from the surrounding meta-sedimentary rocks. The intrusion of
these felsic bodies is synkinematic. Their contacts generally parallel
the regional mica foliation. However, locally these rocks both truncate
foliation and are folded about folds to which these foliations are axial
planar.
Exposures of the Reppi schist on Geittind are intruded by small
pegmatite and trondjhemite dikes that cross-cut the S2 foliation (Figure
2-13) , but the dikes are flattened and boudined parallel to the S3
foliation which is there subparallel to the S2 foliation (Figure 2-14).
This relationship indicates that trondjhemites were intruded between D2
and D3.
Conclusions:
Two post-metamorphic thrust faults, the Frostisen and Mereftasfjell
thrusts, divide the stratigraphy of the Sitas region into three
lithotectonic divisions. The structurally lowest division is an
autochthonous/parautochthonous basement complex dominated by the ~1700
m.y. Rombak-Sjangeli granite gneiss metamorphosed during the Caledonian
deformation to biotite grade. Above the Frostisen thrust is the second
lithotectonic package, the Storrit complex, metamorphosed to upper
greenschist facies. The Storrit complex is an imbricated and eastward
transported equivalent of the underlying basement complex. The
Mereftasfjell thrust separates the Storrit complex from rocks of Langvatn
assemblage, metamorphosed to amphibolite facies.
The Langvatn assemblage is composed of a stack of laterally continuous
meta-sedimentary units seperated by zones of chaotic stratigraphy that
are considered to be tectonic melange. The melanges contain blocks or
lenses of carbonate, mafic, and ultramafic rocks in a quartz-rich
psammitic matrix. The composition of the blocks indicates derivation from
an oceanic source, while the composition of the matrix of the melange is
composed of continentally derived meta-clastic sedimentary rocks.
Tectonic melanges such as those that characterize the Langvatn assemblage
are only found in one modern tectonic environment, fore-arc accretionary
complexes. The Langvatn assemblage is therefore considered to be an
accretionary complex that was subsequently metamorphosed to amphibolite
facies (Crowley, 1983).
CHAPTER 3: STRUCTURAL GEOLOGY OF THE SITAS REGION
Introduction:
The rocks in the Sitas region have undergone a sequence of superposed
deformations that can be divided into 6 phases of Caledonian deformation
(Dl to D6)- In addition, one and possibly two phases of Precambrian
deformation affected the crystalline Basement complex. All 6 Caledonian
phases of deformation are present in the Langvatn assemblage, while only
the 2 youngest deformational phases are obvious in the Storrit and
Basement complexes. All 6 deformations recognized in the Sitas area are
laterally extensive. These deformations correlate exactly with the 6
Caledonian deformations recognized by Hodges (1982) to the northwest of
the Sitas area. Correlatives of all of the deformations except D5 are
found on Hinney (Bartley, 1980) where the westernmost exposures of
Caledonian cover rocks occur (see Hodges, 1982 for a discussion on
correlation of deformations between Hinn~y and the Efjord-Sitas region).
East of the Sitas region, the recognition of the D2 , D3 and D4
deformations is complicated by the pervasive effects of the D5
deformation and by the lack of structural relief exposed in the Langvatn
assemblage. However, the effects of the D5 and D6 deformations as well as
at least 1 pre-D 5 deformation have been recognized (Peter Tilke, pers.
comm., 1984).
Many but not all of the 6 deformational phases resulted in the
formation of planar and linear fabrics. Planar fabric elements such as
schistosities, cleavages, and fold axial surfaces have been denoted as
Si. Thrusts have been denoted as Ti, folds as Fi, and lineations as Li.
Table 3-1
Deformational Events in the Sitas Area
Structural Events
DI: Tectonic stacking of the
Langvatn assemblage,
formation of the
Raudvatn, Filfjell and
Marko melanges.
D2 : Isoclinal folding,
internal thrusting(?)
in the Langvatn
assemblage, formation of
the regional mica
foliation.
D3 : Tight to isoclinal
folding of the Langvatn
assemblage.
D4 : Open to tight folding of
the Langvatn assemblage.
Formation of the
Baugefjell antiform.
D5 : Movement on the
Frostisen and
Mereftasfjell thrusts,
formation of the Storrit
complex, isoclinal
folding, development of
a phyllonitic cleavage.
Trend of folds
No fabric developed
Highly variable
Generally NNE
NW and SE
Highly variable
N60W lineation
common in mylonites
D6 : Open folding
Inferred
transport
direction
(??)
E (?)
ESE
NE
ESE
The subscript (i) that follows each fabric element denotes the
deformation (Dl to D6) during which the fabric element formed. Since the
subscript refers to the deformation during which a fabric element formed
and not all deformations produced all possible fabric and structural
elements it does not necessarily follow that F4 produced the fourth set
of folds in the area. For example, F2 is the first fold phase that
affected rocks in the Sitas area, because no folds are recognized to have
formed during the first deformation.
The first deformation (DI) caused juxtaposition of stratigraphic
units, but produced no penetrative fabrics. The other 5 phases (D2 to
D6) are defined by the relative development and superposition of
microscopic to macroscopic structures and fabrics. Major, map-scale
structures (Dl to D6) are shown in Figure 3-1.
The age of the deformations in the Sitas area is very poorly
constrained. The only timing constraints are that all the deformational
phases must post-date: 1) the deposition of the upper-lower(?) Cambrian
sedimentary rocks of the Tornetrask Formation, 2) the deposition of the
presumed middle or upper Cambrian (Alum Shale) sedimentary rocks
incorporated into the Storrit complex, and 3) the crystallization of the
approximately 900 m.y. gabbro slice in the Marko complex. This implies
that the deformation is Caledonian, but the deformation could be either a
Finnmarkian (Cambro-Ordovician) or Scandian (Siluro-Devonian) event.
Although 6 discrete phases of deformation occurred, there is no reason to
presume that at least D2 to D6 are not part of one approximately
continuous orogenic pulse. No evidence exists for a major time or thermal
break (see Chapter 4) between any of the phases, so it does not appear
Map symbols the same as Plate I
Figure 3-1: Major thrust faults (Tl - open thrust teeth, T 5 - closed
thrust teeth) and fold hinge surface traces in the Sitas
area.
possible to assign some of the phases to an earlier ("Finnmarkian")
orogeny and some of the deformation to a later ("Scandian") orogeny.
Because penetrative Dl fabrics are not preserved, it is not possible to
assess the timing of and the pressure-temperature conditions during Dl.
It is therefore not possible to determine if a major time or thermal
break occurred between DI and D2 -
Precambrian Deformations:
The Basement complex experienced one and possibly 2 phases of
deformation prior to the deposition of the basal conglomerate of the
Tornetrask Formation (Figure 2-2). Since the basal quartzite of the
Tornetrask Formation is considered to be Vendian in age, these
deformations must be Precambrian in age.
The Rombak-Sjangeli granite gneiss developed a weak spaced cleavage
defined by the parallel alignment of green biotite during this
deformation. Locally, a mylonitic foliation developed parallel to this
spaced cleavage. Both the mylonitic foliation and the spaced cleavage
have a consistent attitude of N30*E, 56*NW (Figure 3-2). Locally,
mappable mylonitic shear zones approximately 10-50 m wide are developed
0 0
parallel to this foliation. One of these shear zones cuts the Skaddaive
pendant, forming part of its northwest margin (Plate 1). Unfortunately,
the "other half" of the pendant was not found to the northwest of the
shear zone so neither the amount nor sense of offset along the shear zone
0 0
is known. Both the metasedimentary sequence in the Skaddaive pendant and
its intrusive contact with the Rombak-Sjangeli granite gneiss have been
isoclinally folded about north-northeast trending folds whose axial
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surfaces dip steeply to the northwest parallel to the mylonitic foliation
in the Rombak-Sjangeli granite gneiss. Associated with these folds is the
0 0
development of a spaced cleavage in the Skaddaive assemblage.
In addition to the northeast striking shear zones, a less well defined
set of northwest striking shear zones is present (Plate 1, north of
0 0
Moukeris and northeast of Skaddaive). The angle between the northwest and
northeast striking shear zones is approximately 600. The 600 angle
between the 2 sets of shear zones raises the possibility that they are
conjugate sets. Because there is no indication of the sense of offset for
either set, this remains speculative.
0 0
Mafic schists in the Skaddaive assemblage contain northeast trending
macroscopic to microscopic folds that fold a mica foliation. The presence
of a folded foliation in the schists indicates that at least the
0 0
Skaddaive amphibolite experienced a phase of deformation older than the
deformation that produced the northeast trending folds and northeast
striking shear zones.
Caledonian Deformations:
D1: Tectonic Stacking of the Langvatn Assemblage
The Langvatn assemblage appears to be an accretionary complex that has
been metamorphosed to amphibolite facies. The Langvatn assemblage
contains 3 mappable non-stratigraphic units: the Raudvatn, Filfjell and
Marko complexes. Each of these units appears to be a tectonic melange
that contains slices and/or lenses of mafic, ultramafic and carbonate
rocks in a matrix of semi-pelitic to psammitic schist. The lenses of
carbonate, mafic and ultramafic rocks in the 3 melange units are bounded
by tectonic contacts. It is probable that most of the boundaries of the
melange units are also tectonic contacts. In addition, rock units are
0
truncated along the upper contact of the Skjafjell schist, so this
lithological contact is probably also tectonic.
In general, no fabrics are preserved that developed during the
formation of the Langvatn assemblage melanges or the tectonic stacking of
the Langvatn assemblage. Only at the base of Geittind amphibolite and
the base of the gabbro slice in the Marko complex are tectonite fabrics
associated with the formation of the Langvatn assemblage melanges
preserved (Figure 3-5). In general, the gabbro slice of the Marko complex
contains a primary igneous mineralogical foliation defined by the planar
alignment of plagioclase laths and variations in the olivine/pyroxene
ratio (cumulate layering?). This mineralogical layering has a constant
attitude of N800 W, vertical and is approximately orthogonal to the base
of the gabbro. However, within 3 to 4 m of the base of the gabbro. the
mineralogical layering begins to be transposed parallel to the basal
contact. A thin (20 cm) mylonite zone is present at the base of the
gabbro. A similar thin mylonite zone was observed locally at the base of
the Geittind amphibolite. These are the only two places where fabrics
can be assigned to the Dl phase.
All lithological contacts in the Langvatn assemblage, including the
tectonic contacts that bound the tectonic lenses in the melange units and
0
the Skjafjell schist, are parallel to the regional mica foliation.
Lithological contacts were transposed parallel to the regional mica
foliation during the deformation that produced the mica foliation.
Therefore, the development of the tectonic contacts that bound rock units
in the Langvatn assemblage must pre-date the development of the regional
mica foliation. This is the first Caledonian deformation phase (Dl) that
affected the rocks of the Sitas region. The recrystallization that
occurred during the development of the regional mica foliation and the
growth of metamorphic porphyroblasts destroyed any fabrics that developed
during Dl.
D2. Isoclinal Folding, Development of the Regional Mica Foliation
The effects of the D2 deformation are recognized only in the rocks of
the Langvatn assemblage and are not recognized in rocks below the
Mereftasfjell thrust. D2 is the first deformation phase from which
structures and fabrics are preserved. During D2 , isoclinal F2 folds and
an S2 mica foliation were formed.
F2 is the earliest fold phase recognized in the Langvatn assemblage.
Lithological contacts, but not foliation, are folded by F2 . F2 folds are
isoclinal with both shallowly and steeply plunging axes and shallowly and
steeply dipping axial surfaces. A penetrative cleavage (S2 ) is developed
axial planar to these folds. This cleavage is defined by the parallel
alignment of muscovite, biotite and hornblende. The S2 cleavage is the
regional foliation of the Langvatn assemblage. Small scale F2 folds (with
amplitudes of m's to 10's of m's) are common in the Langvatn assemblage
in the Sitas map area. They are most easily recognized in calcareous
units such as the Reppi schist. F2 folds with an amplitude greater than a
few meters were not identified in the Sitas area. However, less than 15
km northwest of the Sitas area, Hodges (1982) has mapped a major F2 fold
that is cored by the Reppi schist.
The growth of garnet porphyroblasts is approximately synchronous with
the development of the S 2 regional mica foliation. This indicates the
metamorphic peak is approximately synchronous with D2 (see Chapter 4 for
a discussion of the relative timing of metamorphism).
Due to the penetrative nature of later deformations, the kinematics of
D2 in the Sitas area have been obscured. Both the S2 foliation and F2
folds have been refolded during the 4 later deformations. F2 folds are
commonly preserved as "fishhook" interference patterns in which F2 folds
are refolded by F3 folds (Figure 3-6). The attitude of F2 varied
considerably even across a single outcrop. Measured attitudes of S2
commonly served as a kinematic marker for the later deformations, but
were not particularly useful to determine D2 kinematics (Figure 3-3). As
a result, little can be said about the direction of tectonic transport in
the Sitas area during D2 -
No T2 thrusts were recognized during the mapping of the Sitas area
(Plate 1), but the metamorphic petrology of the Langvatn assemblage
suggests that syn-metamorphic (T2 ) faults may be present within the
Langvatn assemblage (see Chapter 4).
D2 in the Sitas area corresponds with D2 in the deformation sequence
0
outlined by Hodges (1982) for the area between Forsa and Sitas (see
Figure 1-3). In the area mapped by Hodges (1982), there is a major T2
0 0
thrust, the Forsa thrust. The Forsa thrust places Langvatn assemblage
rocks onto the Tysfjord granite gneiss. The 1740 m.y. (Andresson and
Tull, in prep.) Tysfjord granite gneiss is lithologically identical to
the Rombak-Sjangeli granite gneiss and has been correlated with the
Rombak-Sjangeli granite gneiss (e.g. Vogt, 1942; Hodges, 1982). The
Tysfjord granite gneiss thus was part of the crystalline
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Figure 3-4:
Figure 3-5:
The 3 structural divisions exposed on south side of
Sitas. Fs - Frostisen thrust, Mf - Mereftasfjell thrust.
Cliff bands between the 2 thrusts are granitic mylonite
sheets.
Transposition of mineralogical layering in the Marko
gabbro into the basal mylonite.
F2 - F3 fold interference pattern, Skjafjell schist.Figure 3-6:
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Balto-Scandinavian basement during Caledonian time. The T2 movement on
0
the Forsa thrust marks the initial emplacement of the Langvatn assemblage
allochthon onto rocks of the crystalline basement of the
Balto-Scandinavian craton (Hodges et al., 1982).
There is approximately 110 kms of structural overlap between Langvatn
0
assemblage rocks and the Tysfjord-Lofoten basement west of Forsa. In
order to palinspastically restore the Langvatn assemblage west of the
westernmost exposures of the Lofoten basement, there must be greater than
0
110 kms of displacement on the Forsa thrust. This demonstrates that the
0
Forsa thrust is a very major structure and that significant shortening
occurred during D2. Since the Langvatn assemblage was derived from west
of the Lofoten basement, a generally eastward transport direction during
D2 is suggested.
DV Tight to Isoclinal Folding
The effects of the D3 deformation are evident only in the rocks of the
Langvatn assemblage. D3 produced tight to isoclinal macroscopic F3 folds
and an often penetrative S3 axial-planar cleavage. F3 folds are tight to
isoclinal with interlimb angles ranging from 15-60*. F3 folds generally
have shallowly plunging axes (0-25*) and shallowly dipping axial
surfaces. The S2 regional mica foliation is folded by F3 folds.
The development of F3 folds is often so pervasive that S2 has been
transposed and is parallel to S3. F2 -F3 fishhook fold interference
patterns are common indicating that the F2 and F3 fold axes were
sub-parallel. Large-scale F3 folds (several km wavelength) are not
present in the Sitas area, but F3 folds on the scale of 100's of meters
are quite common. Minor F3 folds (1-10 m wavelength) are overturned in a
sense that was consistent with their development as parasitic folds to
larger scale F3 folds (100 m wavelength), but no consistent sense of
vergence was found on the larger F3 folds.
Although F3 folds have been refolded by later fold phases, a
north-northeast trend is common for F3 minor fold axes (Figure 3-7).
Because, the F3 fold axes tend to be shallowly plunging they trend
approximately parallel to the strike of the S2 foliation (Plate 1).
There are insufficient data to rigorously analyze the kinematics of
the D3 deformation. However, the common north-northeast trend of minor F3
fold axes indicates a component of either east-southeast or
west-northwest transport during D3 . Regional consideration of the
structural overlap of the Langvatn assemblage and the Basement complex
favor general east-directed or east-southeast transport over general
west-directed or west-northwest transport during D3. The amount of
shortening during D3 is difficult to estimate because of the pervasive
development of small scale F3 folds. However, the tight to isoclinal
style of F3 folds indicates that the amount of D3 shortening may be
rather large.
The D3 deformation postdates the growth of garnet and presumably also
the metamorphic peak. Where an S3 foliation is penetratively developed,
garnet porphyroblasts are commonly broken and strung out in the S3
foliation.
D4: Cross Folds
The D4 deformation produced both large and small scale east-southeast
trending cross-folds. F3 folds and the S2 regional foliation are folded
by F4 folds. The axes of minor F4 folds tend to plunge shallowly to both
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the northwest and the southeast (Figure 3-8), and the axial surfaces tend
to dip moderately to steeply to both the northeast and the southwest. F4
folds are open to tight with interlimb angles ranging from 60-120*.
The structure of the northwest part of the Sitas area is dominated by
a large F4 fold, the Baugefjell antiform (Plate 2, section A-A') which is
cored by a psammitic sheet in the Raudvatn complex. The wavelength of the
Baugefjell antiform is greater than 7 km because only the antiformal
portion of the fold is present in cross-section A-A'. Because rock units
on both limbs of the antiform are cut out along Ti thrusts, only the
0
Raudvatn complex, the Baugefjell amphibolite, and the Skjafjell schist
appear on both limbs of the Baugefjell antiform. Lithological contacts,
the S2 mica foliation and F3 folds have been folded around the Baugefjell
antiform. On a stereonet, the S2 foliation from across the Baugefjell
antiform scatters about a girdle that defines a moderately plunging
southeast trending fold axis (Figure 3-9).
Towards the southeastern part of the Sitas area (Plate 1), the F4
Baugefjell antiform becomes less well defined. In this region, F5 has
transposed lithological contacts and foliation, so that both dip to the
southwest. Both limbs of the Baugefjell antiform have been transposed by
F5 such that they dip to the southwest approximately parallel to the
Mereftasfjell thrust. Only the repetition of the distinctive Baugefjell
amphibolite permits recognition of the antiform. On the north shore of
0 0
Kabtajaure (Plate 1), the Baugefjell amphibolite, on both limbs of the
0 0
Baugefjell antiform project under lake Kabtajaure, but do not reappear on
either shore further to the southeast. The Baugefjell amphibolite is
0 0
presumed to close out around the Baugefjell antiform under Kabtajaure.
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The trace of the Baugefjell antiform further southeast than where the
0 0
Baugefjell amphibolite projects under Kabtajaure is poorly constrained.
0 0 0
In this area, the Skjafjell schist is bounded by the Rapetjakka
hornblende schist and the Reppi schist. Where the Baugefjell antiform is
0
well defined (Plate 2, section A-A'), the Skjafjell schist is overlain by
the Reppi schist on the southwest limb of the Baugefjell antiform, and is
0 0
overlain by the Rapetjakka hornblende schist on the northeast limb. The
trace of the Baugefjell antiform therefore is stratigraphically
0
constrained to lie somewhere within the Skjafjell schist.
The Baugefjell antiform can be traced to the northwest outside of the
Sitas area on Foslie's (1941) Tysfjord geological map. The trace of the
Baugefjell antiform passes on the south side of the lake Langvatnet and
to the west into the Efjord culmination mapped by Foslie (1941) and
Hodges (1982). The Efjord culmination is cored by 1700 m.y. Tysfjord
granite gneiss. The Efjord culmination is an east-southeast trending F4
0
fold that folds the T2 Forsa thrust and associated S2 mylonites in the
Tysfjord granite gneiss (Hodges, 1982).
The continuity between the Efjord culmination and the Baugefjell
antiform has important implications. It helps establish geometrical and
timing relationships between the emplacement of the Langvatn assemblage
0
allochthon onto the Tysfjord granitic gneiss along the Forsa thrust and
the emplacement of the Langvatn assemblage allochthon onto the the
Rombak-Sjangeli granite gneiss near Sitas along the Frostisen and
0
Mereftasfjell thrusts. The Efjord culmination folds the Forsa thrust, so
0
the Efjord folding must post-date the movement on the Forsa thrust.
However, in the Sitas area, the Baugefjell antiform is transposed by
folds and foliation associated with the Frostisen and Mereftasfjell
thrusts, so the Baugefjell antiform folding must pre-date the
Frostisen-Mereftasfjell thrusting. Therefore, as postulated by Hodges et
al. (1982), the Frostisen-Mereftasfjell thrusting along Sitas must be a
0 0
younger event than the Forsa thrusting at Forsa.
This timing relationship also helps to confirm the geometrical
0
relationship between the Forsa and Frostisen-Mereftasfjell thusting that
was proposed by Hodges et al. (1982). Near Sitas, the Frostisen and
Mereftasfjell thrusts dip beneath the Langvatn assemblage allochthon
0 0
towards Forsa and do not reappear at the surface between Sitas and Forsa,
0 0
while near Forsa, the Forsa thrust dips beneath the Langvatn assemblage
0
and does not reappear at the surface between Forsa and Sitas (Hodges,
1982). Since the Frostisen and Mereftasfjell thrusts are younger than the
0 0
Forsa thrust, the Forsa thrust must be cut by the Frostisen and
Mereftasfjell thrusts and the Frostisen and Mereftasfjell thrusts must
0
structurally underlie the Forsa thrust. This implies that the Tysfjord
granite gneiss has been transported eastward along with the Langvatn
assemblage as part of the upper plate of the Mereftasfjell thrust.
Due to the common northwest to west-northwest trend of minor F4 folds
and the northeast overturning of the Baugefjell antiform, the D4
deformation is considered to have a component of northeast tectonic
transport. The amount of shortening during D4 can be estimated by
examining the geometry of the Baugefjell antiform in Plate 2. Although,
this analysis is valid only for ideal flexural slip folds and not for
folds like F4 folds that have an axial-planar fabric developed, it
illustrates the approximate magnitude of the D4 deformation. Restoring
0the Skjafjell schist-Baugefjell amphibolite contact to its pre-D4 length
indicates that there was approximately 50% shortening during D4.
D9. Frostisen-Mereftasfjell Thrusting, Isoclinal Folding
During the D5 deformation, the present tectonic stacking of the 3
major structural divisions of the Sitas area developed. This stacking
occurred by movement along the T5 Frostisen and Mereftasfjell thrusts. D5
is the first deformational phase that can be correlated between the three
structural divisions present in the Sitas area.
Rock units are truncated by the Frostisen and Mereftasfjell thrusts
0 0
(Figure 3-13). The Njunjas and Rapetjakka hornblende schists of the
Langvatn assemblage are cut out by the Mereftasfjell thrust between
o 0 0
Pauketjakka and Rapetjakka (Plate 1). Granitic and quartzitic mylonite
sheets in the Storrit complex are truncated by both the Frostisen
and Mereftasfjell thrusts. In addition, there are breaks in the
metamorphic grade across both the Frostisen and Mereftasfjell thrusts
with the metamorphic grade increasing structurally upwards. The
metamorphic grade increases structurally upwards across the Frostisen
thrust from lower(?) greenschist facies in the Basement complex to upper
greenschist facies in the Storrit complex. Structurally upwards across
the Mereftasfjell thrust the metamorphic grade increases to amphibolite
facies. The movement of the Frostisen and Mereftasfjell thrusts
post-dates the metamorphic peak of the Langvatn assemblage and the
Storrit complex and results locally in the partial retrogression of
garnet to chlorite + biotite assemblages.
The effects of D5 deformation on the Basement complex are localized
and are limited to only the first 100-200 m structurally below the
Frostisen thrust. Directly beneath the Frostisen thrust the
Rombak-Sjangeli granite gneiss has been mylonitized and forms a zone of
ultramylonite 1-3 m thick. The foliation in the ultramylonite is parallel
to the Frostisen thrust. Below this thin ultramylonite zone, the
Rombak-Sjangeli granite gneiss is not penetratively deformed. The effects
of D5 are limited to the development of anastomosing shear zones from <1
cm to 0.5 m wide. These shear zones are sub-parallel to the Frostisen
thrust. The spacing between these shear zones increases downward from the
Frostisen thrust and they disappear completely between 100 and 200 m
below the thrust. Approximately 50 m below the Frostisen thrust, the
Precambrian foliation in the Rombak granite gneiss begins to be
transposed parallel to the Frostisen thrust, but only in the thin
ultramylonite zone is this transposition complete.
At Tutturjaure (Plate 3), small remnants of the Tornetrask Formation
are exposed beneath the Frostisen thrust. Two phases of tight to
isoclinal folding have affected the meta-sedimentary rocks of Tornetrask
Formation. The two fold phases are an early(?) southeast trending,
southwest vergent fold phase and a later(?) north-northeast trending
southeast vergent fold phase. A spaced cleavage was developed in the
Tornetrask phyllites. Approaching the Frostisen thrust, this cleavage
becomes sub-parallel with the Frostisen thrust. This suggests that both
fold phases strictly pre-date final movement along the Frostisen thrust.
However, a cross-cutting phyllonitic foliation related to the Frostisen
thrust is not present indicating that both fold phases may be related
to the movement of the Frostisen thrust. Whether the vergence of these
folds indicates periods of movement of the Frostisen thrust to both the
southwest and the east-southeast or movement to the east-southeast and
transposition of earlier fold axes to the east-southeast is unclear.
The Storrit complex was pervasively deformed during the D5
deformation. The imbrication of the Rombak-Sjangeli granite gneiss and
its meta-sedimentary cover to form the Storrit complex occurred during
the D5 deformation. A phyllonitic cleavage developed in the schists of
the Storrit complex and a mylonitic foliation developed in the granitic
and quartzitic sheets of the Storrit complex. In general both the
phyllonitic and mylonitic foliation dip to the southwest parallel to the
Frostisen and Mereftasfjell thrusts (Figure 3-11).
F5 folds are ubiquitous in the Storrit complex. They are generally
isoclinal folds with shallowly plunging axes and shallowly dipping axial
surfaces. The axial surfaces of F5 folds are approximately parallel to
the S5 phyllonitic cleavage. F5 folds fold an earlier mica foliation and
pre-F 5 folds. How these folds and the associated foliation relate to the
4 pre-D 5 deformations recognized in the Langvatn assemblage is unclear.
However, garnet growth is approximately synchronous with the development
of the pre-D 5 Storrit foliation (see Chapter 4 for a discussion) and
there is no fabric developed between this fabric and D5 - If there is no
diachronaity in the growth of garnet between the Langvatn assemblage and
the Storrit complex, this could indicate that the pre-D 5 Storit foliation
correlates with the S2 Langvatn assemblage foliation. However, if garnet
growth is diachronous and is younger in the Storrit complex (as is
suspected), this suggests that this foliation is a post-D 2 foliation.
Cleavage surfaces of granitic and quartzitic mylonites are often well
lineated. Pebbles in a conglomeratic mylonite were elongated parallel to
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the lineation indicating that this is a stretching lineation. However, in
thin section the lineation in lineated granite mylonites appeared to be
an intersection lineation between an earlier foliation defined by the
preferred orientation of quartz and feldspar grains and a later foliation
defined by mica-rich shear zones. There is considerable scatter in the
orientation of F5 minor fold axes and L5 lineations, but a northwest
trend (N56*W) is most common (Figure 3-10).
The geometry by which the Rombak granite gneiss and its Dividal Group
cover were imbricated to form the Storrit complex is difficult to define
because of the difficulty encountered in breaking out units in the
schists that dominate the Storrit Complex. Only the granitic and
quartzitic mylonite sheets serve as lithological markers. These sheets
are commonly "floating" in the schists of the Storrit complex and appear
to be bounded on both sides by tectonic contacts. These sheets are
somewhat discordant with both the Frostisen and Mereftasfjell thrusts and
generally ramp towards structurally higher levels going from northwest to
southeast. This geometry is most evident on the northeast slope of
Njunjas (Plate 1) where several thin granitic mylonite and quartzite
sheets are imbricated. Because all of the mylonitic sheets ramp towards
the southeast it is possible that the Storrit complex may be a duplex
that formed beneath the Langvatn assemblage allochthon with the Frostisen
thrust as the floor thrust and the Mereftasfjell thrust as the roof
thrust.
The common association of quartzite with granitic mylonite suggests
that the basal unconformity of the Tornetrask Formation may be preserved
in some of the sheets. Locally (on the northeast slope of Njunjas,
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Figure 3-13:
Figure 3-14:
Mereftasfjell thrust; ns - Njunjas schist, sts - Storrit
schist.
S2 transposed by F5 folds, Njunjas schist.
Figure 3-15: Open F6 fold, Skjafje11 schist.
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Plate 1) the basal conglomerate is preserved, demonstrating that the
contact between quartzite and mylonitic granite is depositional. If an
unconformable relationship exists in other quartzite-granite mylonite
sheets, this suggests that only the uppermost part of the crystalline
basement is imbricated in the Storrit complex near Sitas. The floor
thrust of the Storrit complex (the Frostisen thrust) must have flattened
within the crystalline basement within a few 10's to a few 100's of m
beneath the base of the Tornetrask Formation.
Above the Mereftasfjell thrust, in the Langvatn assemblage, northeast
trending folds, crenulations and a penetrative crenulation cleavage are
developed (Figure 3-14). The crenulation cleavage dips shallowly to both
the southeast and southwest but is generally sub-parallel to the
Mereftasfjell thrust. The crenulations and the crenulation cleavage die
out structurally upwards from the Mereftasfjell thrust. In general,
lithological contacts are transposed parallel to this crenulation
cleavage for less than 100 m structurally above the Mereftasfjell thrust,
but the crenulations and a non-penetrative cleavage continue for another
100-200 m structurally higher.
Southeast of the Norwegian-Swedish border (Plate 1), the effects of
this deformation continue to structurally higher levels. At the southeast
0 0
end of the Sitas area, on Rapetjakka and Njunjas (Plate 1), even in the
highest structural level of the Langvatn assemblage exposed, lithological
contacts and the S2 foliation have been transposed by cm to 10 m scale
folds such that they are approximately parallel to the Mereftasfjell
thrust. Figure 3-12 is a stereogram on which the attitude of S2 from
0 0
Njunjas and Rapetjakka is plotted. Comparison of this stereogram with
107
Figure 3-11 on which the attitude of S5 from the Storrit complex is
plotted demonstrates the parallelism of S2 and S5 in this region. This
transposition of lithological contacts and the S2 foliation postdates the
F4 development of the Baugefjell antiform, as both limbs of the
0 0
Baugefjell antiform on the north shore of Kabtajaure (Plate 1) have been
transposed and now dip gently to the southwest sub-parallel to the
Mereftasfjell thrust.
The transport direction during D5 is difficult to define
unambiguously. Folds in the Tornetrask Formation below the Frostisen
thrust at Tutturjaure may indicate 2 periods of D5 movement that
respectively have components of east-southeast and southwest transport.
The ramping of Storrit complex granitic and quartzitic mylonite sheets
towards the southeast suggests southeasterly directed transport on the
Frostisen and Mereftasfjell thrusts. Northwesterly trending stretching
lineations in quartzitic mylonites suggests southeasterly directed D5
movement, while northwest trending folds could be taken either as
evidence of northeast directed D5 compression or of rotation of early
fold axes into an east-southeast direction during later translation.
Although the evidence cited above is somewhat contradictory, the bulk of
it points towards southeast directed D5 transport. The metamorphic break
across the Mereftasfjell thrust (see Chapter 4), and the shallow dip of
the fault (everywhere less than 10") indicates 10's of kms of
displacement across the Mereftasfjell thrust.
D6 Upright Folding
The final phase of deformation affected all 3 structural divisions in
the Sitas area. This deformation produced large to small scale upright
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folds with shallowly plunging northeast trending axes (Figure 3-16) and
steeply northwest and southeast dipping axial surfaces. These folds tend
to be slightly northwest vergent (Plate 2, cross-sections D-D" and E-E'),
and fold both the Frostisen and Mereftasfjell thrusts. They are
responsible for the formation of the synforms that make up the Moukeris
and Perka klippen (Plate 1). F6 folds are generally non-cylindrical
disharmonic folds. The F6 Moukeris synform does not continue 2 kms across
Sitas nor does the F6 Reppi schist cored synform on the north shore of
0 0
Kabtajaure continue to its south shore.
F6 folds fold the Frostisen thrust, but do not fold the Precambrian
foliation in the Rombak-Sjangeli granite gneiss. No change in attitude of
the Precambrian foliation occurs across either the Moukeris or Perka
synforms. The F6 folds either die out structurally downwards, or the
shortening is taken up by movement that reactivated the Precambrian
foliation along shear planes.
F6 does not appear to represent a major compressional phase. By
restoring the folds present in cross-sections D-D" and E-E' (Plate 2)
such that the Frostisen thrust (section D-D") and the Baugefjell
amphibolite (section E-E') are not folded, the amount of D6 shortening
can be estimated. The amount of D6 shortening represented by the buckling
of the Frostisen thrust is 3% while the amount of shortening represented
by the folding of the Baugefjell amphibolite is 21%.
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CHAPTER 4: METAMORPHISM OF THE SITAS AREA:
Introduction:
Mineral assemblages in the Sitas area reflect only one major phase of
metamorphism. The age of this metamorphism is constrained only to
post-date the crystallization of the approximately 900 m.y. gabbro sheet
in the Marko complex and the upper-lower Cambrian sediments of the
Tornetrask Formation. The metamorphism is therefore Caledonian, but
could be either a Cambro-Ordovician "Finnmarkian" (Sturt et al.. 1978)
or a Silurian "Scandian" event.
Movement on the Frostisen and Mereftasfjell thrusts has inverted the
metamorphic sequence in the Sitas area; the lowest-grade rocks are
present in the Basement complex. The metamorphic grade increases
structurally upward across the Frostisen and Mereftasfjell thrusts with
the highest-grade assemblages found in the Langvatn assemblage. The
Rombak-Sjangeli granite and outliers of the Tornetrask Formation exposed
on the south side of the Rombak-Sjangeli window have been metamorphosed
to lower or midddle greenschist facies (biotite grade). Structurally
upwards across the Frostisen thrust into the Storrit complex, the
metamorphic grade increases to upper greenschist facies. The assemblage
garnet + biotite + muscovite + plagioclase + quartz is stable in some of
the Storrit schists.
There is evidence to suggest a regional metamorphic gradient in the
Storrit complex with northeast trending isograds. Garnet is common in
the Storrit complex in the northwest part of the Sitas area, on Filfjell
and Baugefjell, and becomes increasingly less abundant towards the
111
0 0
southeast. Garnet-bearing Storrit schist is rare on Rapetjakka and
absent on Njunjas. However, this may be the result of changes in bulk
composition rather than changes in metamorphic conditions and will be
discussed later in this chapter.
The highest metamorphic grade is present above the Mereftasfjell
thrust in the Langvatn assemblage. The pelitic mineral assemblage garnet
+ biotite + muscovite + kyanite + quartz is stable within the rocks of
the Langvatn assemblage. Muscovite-free sub-aluminous rocks contain the
assemblage garnet + biotite + microcline, but the "second sillimanite"
assemblage aluminosilicate + microcline is not observed. In addition,
migmatitic quartzo-feldspathic segregations are present in the Bauro
gneiss, Bauro schist and Marko complex matrix gneisses.
In order to evaluate the timing and conditions of metamorphism, more
than 100 thin sections from the Storrit complex and Langvatn assemblage
were examined. Polished thin sections were prepared from 23 of the
samples (Figure 4-1). Minerals from these samples were analysed with
the automated 3-spectrometer Materials Analysis Corporation (M.A.C.)
electron microprobe at M.I.T. The standard operating conditions for the
M.I.T. probe are 15 Kv, 300 m amp. Synthetic and natural silicate
standards were used and the Bence and Albee (1968) corrections were made
by an on-line data reduction system. Representative mineral analyses are
listed in Appendix 1. Because each of the three tectonic domains in the
Sitas area records a different metamorphic history, they will be
discussed separately below.
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Figure 4-1: Locations of samples from which minerals were analysed.
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Langvatn Assemblage:
Timing of Metamorphism:
The regional metamorphism of the Langvatn assemblage can be dated
relative to the sequence of structural events described in Chapter 3 by
thin-section analysis of fabrics and structures. As discussed in the
previous chapter, the regional mica foliation is an S2 foliation which
commonly has been transposed by S3 and/or S5. Garnet porphyroblasts have
been broken and strung out in the S3 foliation. In addition, the S3
foliation is warped around garnet porphyroblasts and pressure shadows
commonly form adjacent to garnets. This indicates that the development
of S3 post-dates the growth of garnet. The common transposition of S2
such that it is sub-parallel to S3 makes it difficult to determine
timing relationships between S2 and the growth of garnet. However, the
deflection of foliation around garnet porphyroblasts in all samples
examined including those in which no S3 foliation development was seen
in the field would indicate that the growth of garnet does not post-date
D 2 (Figure 4-2).
Much if not all of the mesoscopic fabric development in the Langvatn
assemblage post-dates the initiation of garnet growth. The only
pre-porphyroblast fabric developed in the Langvatn assemblage is a
foliation defined by elongate quartz + opaque ± muscovite ± epidote
inclusions in garnet and hornblende porphyroblasts. This inclusion
foliation is both straight and sigmoidal and is always at a high angle
to the matrix mica foliation. Continuity between the inclusion
foliation and the matrix mica foliation was never observed. The
inclusion foliation represents either an early D2 foliation that
114
Figure 4-2:
Figure 4-3:
Textural relationship between garnet (g) and S2 micas
(m and b). Note that the garnet does not overgrow the
foliation, nor are conspicuous pressure shadows formed
adjacent to the garnet.
Garnet (g) and muscovite (m) in reaction relationship
forming biotite (b).
Coarse grained muscovite (m) replacing kyanite (k).Figure 4-4:
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developed during syn-D 2 garnet growth and was rotated by late-D 2
deformation or a pre-D 2 foliation that was rotated during D2 -
Within a few tens of meters, structurally, of the Mereftasfjell
thrust a well developed S5 spaced cleavage is formed in the Langvatn
assemblage (Figure 4-16). Associated with the development of this
cleavage is a partial retrogression of garnet to chlorite + biotite
and biotite to chlorite.
As mentioned above, textural relations indicate that the growth of
garnet and presumably also the metamorphic peak was either prior to or
synchronous with D2 . No retrogression of garnet to chlorite + biotite is
associated with the development of the S3 or S4 foliation, so there is
no indication that the metamorphic conditions of the Langvatn assemblage
fell below the stability of garnet during either D3 or D4 . However, by
D5 the metamorphic conditions were such that garnet was no longer stable
and it was retrograded to chlorite + biotite.
Conditions of Metamorphism:
Eleven pelitic and semi-pelitic samples from the Langvatn assemblage
have been studied in detail. These samples were collected from a variety
0
of structural levels and include samples of the Njunjas, Skjafjell and
Filfjell matrix schists, and the Bauro kyanite gneiss. The location of
these samples is shown in Figure 4-1. All of these samples contain the
assemblage garnet + biotite + muscovite + plagioclase. In addition,
aluminous asemblages contain kyanite while more calcareous assemblages
contain epidote ± hornblende ± ankerite.
Garnet, biotite, muscovite, and plagioclase from each sample were
analyzed with the electron microprobe at M.I.T. Representative mineral
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analyses from each sample are given in Appendix 1. In most cases
analyzed mineral grains were in mutual contact though in rare cases one
phase may have been as far as 100 y from the others. No zoning was
detected in muscovite or biotite, nor was a significant compositional
difference found between matrix muscovites and biotites and micas in
contact with porphyroblast phases. However, moderate zoning was found in
both garnet and plagioclase, so rim and core compositions are given in
Appendix 1. Rim garnet and plagioclase compositions were considered to
be in equilibrium with matrix biotites and muscovites.
The phase relations of these samples are shown in an AFM projection
(Figure 4-5) from quartz + muscovite + H20 (Thompson, 1957). The
limiting 3-phase field garnet + biotite + kyanite is flanked by more
Fe-rich and less aluminous compositions in the 2-phase field garnet +
biotite. In addition, the limiting 3-phase field garnet + biotite +
hornblende is flanked by more Fe-rich and less aluminous mineral
compositions in the 2-phase field garnet + biotite. The lack of
significant overlap between the 2-phase field garnet + biotite with the
3-phase fields garnet + biotite + kyanite or garnet + biotite +
hornblende suggests that the stability of hornblende and kyanite is
controlled by differences in bulk composition rather than by differences
in pressure or temperature.
There is significant overlap between the 3-phase fields garnet +
biotite + kyanite and garnet + biotite + hornblende. This is due to the
nature of the AFM projection, which ignores Ca, a major component of
hornblende. Figure 4-6 is a stereoscopic projection (Spear, 1980) of the
AFM + Ca tetrahedron projected from quartz and muscovite. For clarity,
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AFM projection from quartz + muscovite + H20 of pelitic
and psammitic mineral assemblages from the Langvatn
assemblage.
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Figure 4-6:
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AFM + Ca projection from quartz + muscovite + H20 of
pelitic and psammitic mineral assemblages from the
Langvatn assemblage. In low Ca bulk compositions garnet +
biotite + plagioclase co-exist with kyanite, while in
high Ca bulk compositions hornblende is stable.
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only one example of each assemblage has been plotted. Including Ca in
the projection scheme allows for plagioclase to be represented. In this
projection, the 2-phase field garnet + biotite becomes the 3-phase plane
garnet + biotite + plagioclase and the 3-phase fields garnet + biotite +
kyanite and garnet + biotite + hornblende become 4-phase volumes when
plagioclase is included. The overlap of the 3-phase fields that was seen
in the AFM projection is removed by including Ca in the projection
scheme. The samples with the highest bulk Ca content have the most
anorthitic plagioclase (Xan=0.28) and the most grossular-rich garnet
(Xgr=0.20) and contain hornblende. The samples with the lowest bulk Ca
content contain the least anorthitic plagioclase (Xan=0.08-0.ll) and the
least grossular-rich garnet (Xgr=0.03) and contain kyanite, while those
samples with intermediate Ca contents contain neither kyanite or
hornblende and have plagioclase and garnet with intermediate anorthite
(Xan=0.18-0.24) and grossular (Xgr=0.12-0.19) contents. The only
indication that the phase relations shown in Figures 4-5 and 4-6 do not
represent equilibrium isothermal-isobaric crystallization of a range of
bulk compositions is the presence of crossing garnet-biotite tie lines.
The problem of crossing garnet-biotite tie lines does not disappear by
projecting into the tetrahedra AFM + Ca or AFM + Mn and is therefore
not a result of variations in the Ca or Mn content of the garnet. The
crossing tie-lines must therefore be the result of different samples
recording different metamorphic conditions. The magnitude of the
differences in metamorphic conditions indicated by the crossing
tie-lines will be discussed further below.
In order to evaluate the conditions of metamorphism more
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quantitatively, pressures and temperatures of equilibration have been
calculated from the mineral compositions in Appendix 1 using pelitic
mineral geothermometers and geobarometers. Pressures and temperatures
were calculated by simultaneous solution of the garnet-biotite Fe-Mg
exchange geothermometer (Ferry and Spear, 1978) and the garnet
-plagioclase-muscovite-biotite geobarometer (Ghent and Stout, 1981;
Crowley and Hodges, 1983; Hodges and Crowley, in prep.). In addition,
pressures and temperatures were calculated for kyanite bearing samples
by simulatneous solution of the Ferry and Spear (1978) garnet-biotite
geothermometer and the garnet-plagioclase-Al silicate-quartz
geobarometer (Ghent, 1976; Newton and Haselton, 1981). Pressures and
temperatures calculated the two ways were within analytical error of
eachother. A discussion of the choice of P-and T-sensitive equilibria
and solution models is given in Appendix 2.
Results of Geothermo-barometry:
The calculated pressures and temperatures for the 11 samples from the
Langvatn assemblage have been plotted in Figure 4-7. The P-T estimates
range from 530*C, 6.2 kbars (sample MJ-23) to 640 0C, 10 kbars (sample
RP-36). As might have been anticipated by the crossing tie-line
relations seen in the AFM projection (Figure 4-5), the range in P-T
estimates is significantly larger than analytical error and indicates
geological complications.
The variation in the calculated pressures and temperatures does not
correlate with geographical location and therefore does not reflect
a regional P-T gradient. For example, samples GT-25 and GT-28 both of
which come from outcrops of the Bauro gneiss separated by <1 km reflect
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Figure 4-7: Estimates of pressure and temperature of equilibration of
the Langvatn assemblage derived from simultaneous solution
of the garnet-biotite geothermometer and Al-silicate free
garnet-plagioclase geobarometer (Appendix 2). The solid
rhombs are the range of P and T calculated for particular
samples. The dashed rhomb is an estimate of analytical
precision. The aluminosilicate phase diagram of Holdaway
(1971) is shown for reference.
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different P-T conditions while samples GT-5 and RP-36, which come from
quite different structural levels >14 kms apart, reflect very similar
P-T conditions.
There is an indication that the samples that come from the highest
structural level (GT-5, GT-25, GT-28, MJ-22, MJ-23) show slightly lower
pressures at a particular temperature than those from lower structural
positions. The pressure difference is approximately 1 kbar, which would
correspond to a difference of approximately 2.7 kms in structural
position. Although this is in the range of the present-day structural
relief (1.5-3.0 kms; see Plate 2) it is only slightly larger than
analytical error and may be due to the small sample population.
Alternatively, the samples that record the lower pressures are all
aluminosilicate-bearing. They are thus in equilibrium with a less calcic
garnet and plagioclase and a more magnesian garnet and biotite than the
aluminosilicate-free samples that record higher pressures at a given
temperature. This difference in calculated pressure may be due to
non-ideality in the garnet or plagioclase solutions that has not been
sufficiently taken into account.
The variation in calculated temperature cannot be accounted for in any
simple way. It does not correlate with either geographical location,
structural or stratigraphic position. The only reasonable explanation
for the scatter in the calculated temperatures is that these
temperatures do not represent the P-T conditions of the metamorphic
peak, but instead represent conditions recorded during cooling from the
metamorphic peak. For kinetic reasons different samples retrograded to
different degrees after the metamorphic peak recording different P-T
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conditions. Further evidence for this is given below.
High Temperature Retrogression of the Langvatn Assemblage:
Introduction:
There are 3 factors that indicate that the scatter in P-T estimates
for the Langvatn assemblage is due to a high temperature retrograde
metamorphism. The first is that the P-T estimates are inconsistent with
experimental data on: 1) the minimum thermal stability of the
assemblage garnet + biotite + kyanite (the "staurolite out" reaction),
and 2) the minimum melting or migmatite generating reaction. The second
is that there is textural evidence for the following (unbalanced)
retrograde reactions: 1) garnet + muscovite + biotite, 2) plagioclase +
garnet + kyanite + quartz, and 3) kyanite + muscovite. Thirdly, both
qualitative and quantitative analysis of garnet zonation profiles
indicates a high temperature (>5500 C) retrograde event.
Experimental phase equilibria:
In the model pelitic system Si02-Al2O3-FeO-MgO-K 20-H20, the
assemblage garnet + biotite + muscovite + kyanite + quartz is only
stable at temperatures above the maximum thermal stability of staurolite
(staurolite + muscovite + quartz + garnet + biotite + kyanite + H20).
The Fe-end member "staurolite out" reaction (Fe-staurolite + quartz +
almandine + kyanite + H20) has been studied experimentally by Richardson
(1968), Ganguly (1972), and Rao and Johannes (1979) each of whom
obtained rather different enthalpies and entropies for the equilibrium.
Piggage and Greenwood (1982) re-examined the experimental data for the
upper stability limit of staurolite. They found that, with the exception
of one experimental reversal (Richardson, 1968 at 675*C, 5 kbars) all of
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the experiments that had been reversed (i.e., the most reliable
experiments) were internally consistent. They presented a range of
enthalpies and entropies for the "staurolite out" reaction that are
consistent with this experimental data. Their preferred curve for the
"staurolite out" reaction is shown in Figure 4-8 along with the P-T
estimates of the Langvatn assemblage.
Using this data, Piggage and Greenwood calculated unreasonably high
temperatures or unreasonably low PH2 0 for a suite of samples from Azure
Lake, B.C. They were unable to resolve the problem between the
experimental and natural data. In Figure 4-8, the dashed curve is the
approximate location of a "staurolite out" reaction that would agree
with the Azure Lake B.C. data.
All of the Sitas data fall to the low temperature side of the
experimentally calibrated "staurolite out" reaction and most of the
Sitas data are on the low temperature side of the empirically located
curve. Both the experimental and empirical data on the upper thermal
stability of staurolite are inconsistent with all but the highest P-T
estimates for the Langvatn assemblage representing the peak metamorphic
conditions. The presence of the assemblage garnet + biotite + kyanite
generally indicates peak metamorphic temperatures for the Langvatn
assemblage in excess of those calculated by geothermo-barometry.
The presence of migmatites in the Langvatn assemblage is also
inconsistent with the geothermo-barometric P-T estimates from the
Langvatn assemblage representing peak metamorphic conditions. The
migmatitic enclaves of the Marko matrix gneisses, the Bauro gneiss, the
Hjertevatn gneiss and the Bauro schist contain albitic plagioclase +
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Figure 4-8: Comparison between the calculated pressures and
temperatures of equilibration of the Langvatn assemblage
and the stability fields of: 1) the assemblage garnet +
biotite + kyanite, and 2) migmatitic partial melts. The
shaded field is the possible range in location of the
"staurolite out" reaction. The diagonally ruled field is
the range in location of the minimum melt reaction.
Assemblages present in the Langvatn assemblage are stable
only on the right hand side of these two reactions.
127
microcline + biotite + quartz ± muscovite, while the surrounding schists
(restite?) contain garnet + biotite + muscovite + quartz ± kyanite ±
plagioclase. The presence of migmatitic enclaves without the breakdown
of muscovite to form microcline + A12 SiO5 indicates that the pressure
during melting was above that of the invariant point defined by the
intersection of the muscovite + quartz breakdown reaction with a minimum
melt reaction. Although the location of this invariant point is not well
constrained, this indicates that the pressure was greater than
approximately 4-6 Kbars (Thompson, 1982).
The exact location in P-T space of the minimum melt reaction depends
on the mineralogy of the rocks prior to the onset of melting, and is
therefore difficult to define uniquely. The diagonally ruled field in
Figure 4-8 is the range of minimum melt reactions presented by Thompsom
(1982). The P-T estimates for the Sitas samples cluster on the low
temperature side of the minimum melt curves. Migmatite generation in the
Langvatn assemblage is consistent with only the highest P-T estimates
representing the peak metamorphic conditions of the Langvatn
assemblage.
Experimental data on both the stability of staurolite + quartz and
the minimum melt reaction in pelitic rocks are inconsistent with all but
the highest P-T estimates for the Langvatn assemblage representing peak
metamorphic conditions. Consideration of this experimental data leads to
the conclusion that the peak metamorphic temperature of the Langvatn
assemblage was >600*C and probably even >700 0C. If the 700 0C temperature
is accepted, the presence of kyanite implies that the pressure was >7.5
kbars at the metamorphic peak.
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Reaction textures:
There is textural evidence for the following (unbalanced) reactions
occuring after the metamorphic peak (post-garnet and kyanite growth).
The first reaction is: plagioclase + garnet + kyanite + quartz
(plagioclase in contact with garnet contains fine-grained kyanite +
quartz). The second is: kyanite + muscovite (coarse grained muscovite
replaces kyanite, Figure 4-4) and the third is: garnet + muscovite +
biotite (muscovite in contact with garnet embays the garnet and is
fringed by biotite, Figure 4-3).
The first reaction can be balanced by assuming that grossular is
produced by the following reaction: 3 anorthite + grossular + kyanite +
quartz. This reaction is the Ghent (1976) garnet-plagioclase
geobarometer reaction. The direction of the reaction, destroying
plagioclase while producing garnet + kyanite + quartz, requires that the
retrograde P-T path have a slope such that when it crosses lines of
constant KD for the garnet-plagioclase equilibria it crosses them in the
direction of decreasing anorthite content. This reaction provides a
constraint on the slope of the P-T path followed by the rocks of the
Langvatn assemblage. In order for a retrograde P-T path to cross the KD
lines in the direction of increasing An content in plagioclase, the path
must have a less steep P/T slope than that of the garnet-plagioclase KD
lines (< approximately 32 bars/0 C).
The other 2 reactions that can be inferred from thin-section textures
cannot be balanced without involving either solid phases not in obvious
reaction relationship with either the products or reactants, or cations
from a fluid phase. Because these reactions cannot be balanced uniquely,
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they cannot be used to provide constraints on the P-T path of the
Langvatn assemblage.
All three reactions that can be deduced from thin-section textural
relations are continuous reactions involving the phases analyzed to
estimate the P and T of equilibration of the Langvatn assemblage. These
reactions represent retrograde reaction from a higher temperature than
that recorded by the mineral thermometers. The measured pressures and
temperatures are therefore not peak pressures and temperatures, but a
pressure and temperature recorded during cooling from the metamorphic
peak.
These reactions involve the porphyroblast phases garnet + kyanite
that grew approximately synchronous with D2 and the matrix phases
muscovite + biotite that grew both during D2 and D3 . These retrograde
reactions must have occurred after the D2 growth of the porphyroblast
phases and either during or following the D3 growth of muscovite +
biotite.
Garnet zonation:
Garnet zonation profiles from Langvatn assemblage samples are shown
in Figure 4-9. With the exception of samples FF-11 and RP-36, all
samples have zonation profiles that show slight to moderate decreases in
Mn from core to rim. Ca is rather constant but tends to increase
slightly away from the core. Fe tends to increase from to core to rim,
while Mg tends to first increase slightly from core to rim and then
decrease sharply over the outer 100 p. The profiles (except for FF-11
and RP-36) are quite flat and are typical of garnets that were
metamorphosed to sufficiently high temperature for growth zonation to
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Figure 4-9: Garnet zonation profiles for smaples from the Langvatn
assemblage. The garnets (except FF-11 and RP-36) have
relatively unzoned cores and strongly zoned rims. Key
to symbols: circles - Xalmandine; triangles - Xpyrope;
X - Xgrossular; squares - Xspessartine-
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have been homogenized by volume diffusion (Anderson and Olimpio, 1977).
In contrast to the overall flat zonation profiles, the outer 100 P of
these garnets is strongly zoned. The outer 100 p is characterized by a
moderate to large decrease in Mg (towards the rim), a moderate increase
in Fe, and a slight increase in Mn (the increase in Mn does not show up
well at the scale of Figure 4-9). The steep zonation profiles seen in
the outer 100 p of the garnets is a diffusion zonation profile that
formed as the interiors garnets attempted to remain in equlibrium with
the matrix during a high temperature retrograde event.
The increase in the Fe/Mg ratio towards the rim indicates a decrease
in temperature towards the rim. The temperature dependence of the
garnet-biotite Fe-Mg distribution coefficient (Ferry and Spear, 1978) is
such that garnet becomes more Fe-rich relative to coexisting biotite
with decreasing temperature.
The increase in Mn towards the rim present in the Sitas garnets is
commonly attributed to retrograde resorption of garnet (Grant and
Weiblen, 1971). The small magnitude of this retrograde Mn "kick" is
taken as an indication that very little resorption of garnet has
occurred.
Numerical modeling of the uplift and cooling path:
Using the garnet zonation profiles from the samples with the lowest
variance assemblages (GT-25, GT-28, MJ-22, MJ-23), uplift and cooling
paths can be quantitatively modeled using the Gibbs method of Spear and
Selverstone (1983). This technique was designed to model growth zonation
profiles that had not been modified by diffusion. However, the technique
is applicable to diffusional zonation profiles such as those of the
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Sitas garnets as long as: 1) no discontinuous reactions boundaries have
been crossed during the cooling event, and 2) the compositions used for
the modelling represent compositions that were in equilibrium with the
matrix during the cooling event. I believe that both of these conditions
are satisfied for the Sitas samples for the following reasons: 1) there
is no textural evidence of discontinuous reaction; all of the reactions
indicated by thin-section textures are continuous reactions and do not
involve the appearance or disappearance of phases, and 2) the diffusion
profiles do not penetrate all the way into the cores of the garnets so
the composition of the unzoned core is likely one that was in equlibrium
with the matrix before the diffusion profile was established while the
rim compositions were in equilibrium with the present matrix minerals.
The assemblage that has been modeled is garnet + biotite + muscovite
+ kyanite + plagioclase + quartz + H2 0 in the system
SiO 2-Al203 -MgO-FeO-MnO-CaO-Na2O-K 20-H20. Assuming a pure H20 fluid
phase, this assemblage has a thermodynamic variance of 4, so to use the
method of Spear and Selverstone (1983) 4 components must be monitored to
reconstruct the P-T path. Garnet can provide 3 of the monitor components
(Xalm, Xsp, and Xgr; Xpy is not an independent component), but the
fourth component must come from another phase. Because some zoning is
preserved in plagioclase, the anorthite component of plagioclase was
chosen as the fourth component. Because assumptions must be made about
the change in plagioclase composition during garnet evolution the P-T
path calculated this way is non-unique.
Plagioclase in the samples modelled is slightly zoned with cores 2-6
An% more anorthitic than the rims. Because of this, the paths were
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calculated making 2 different assumptions about plagioclase composition.
First, paths were calculated for only the outer 100 i of the garnet,
between the rim and the point where the Mg and Fe diffusion profiles
flatten out. In this case, it was assumed that no change in plagioclase
composition occurred during the evolution of the outer 100 y of the
garnet. Second, profiles were calculated between the garnet rim and
core assuming that the most anorthitic plagioclase core analysed was in
equilibrium with the garnet core. These paths are shown in Figure 4-10.
All of the P-T paths show decompresion (20-1700 bars) and cooling
(37-1250 C) during garnet evolution. The paths have P/T slopes that range
from 0.25 to 23 bars/*C. In each case, the paths calculated for only the
outer 100 y assuming that no change in plagioclase composition occurred
during garnet evolution has a steeper P/T slope. All of the paths have
slopes that are less steep than that of the anorthite + grossular +
kyanite + quartz equilibrium (32 bars/*C) and are consistent with the
textural evidence that this reaction is proceeding to the right.
The "peak" P-T conditions indicated by these P-T paths is
approximately 700*C, 9.5 kbars. These peak conditions are in agreement
with the P-T conditions required for both the stability of the
assemblage garnet + biotite + kyanite and the generation of migmatites
(T > 600-7000 C, P > 7 kbars). The numerically modeled P-T paths
therefore provide further evidence that the peak metamorphic conditions
of the Langvatn assemblage were at least ~700 0C and 9-10 kbars.
Not all of the P-T paths start at the preferred pressure and
temperature for the metamorphic peak (700 0C, 9 Kbars). The samples that
record lower rim pressures and temperatures have P-T paths that begin at
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Figure 4-10: P-T paths calculated from garnet zonation profiles. The
paths end at the P and T calculated using garnet rim and
matrix mineral compositions. For each sample, 2 paths
were calculated making different assumptions about the
change in plagioclase composition during garnet evolution
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lower pressures and temperatures. In addition, these samples tend to
have shorter P-T paths than those that begin at 700*C.
This feature of the P-T paths can be explained by consideration of
the nature of volume diffusion in garnet. Because of the sluggishness of
diffusion in garnet, volume diffusion in garnet is likely to be the rate
controlling step for re-equilibration during cooling. Once diffusion in
garnet becomes negligible, the equilibrium is "frozen in". The pressure
and temperature conditions measured today from rim compositions are
"frozen in" at the time when diffusion in garnet becomes negligible.
Volume diffusion is a thermally activated process, with the diffusion
coefficent (D) following an Arehenius relationship of the form:
D=Doexp(E/RT).
As a result there is a narrow temperature range over which the diffusion
rate slows from one at which diffusion can maintain equilibrium
throughout an entire garnet grain to the point where equlibrium is
frozen in. The development of diffusion profiles such as the ones seen
in the Sitas garnets develop over a fairly limited temperature
interval.
The samples that record the lowest rim pressures and temperatures are
those samples that (for whatever reason) had the fastest diffusion in
garnet. In these samples the entire garnet would have remained in
equilibrium with the matrix longer during cooling and would record lower
core temperatures than those samples that had more slowly diffusing
garnets.
Summary: Langvatn Assemblage:
Textural and petrological evidence indicates that the rocks of the
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Langvatn assemblage suffered a complex metamorphic history. The
relationship between the growth of garnet porphyroblasts and the
development of different cleavages indicates that the metamorphic peak
was either prior to or synchronous with D2 . Garnet appears to have been
stable during D3 and D4 , but by D5 garnet was no longer stable and was
retrograded to chlorite + biotite.
No isograds were mapped within the Langvatn assemblage within the
Sitas area and the petrology of the Langvatn assemblage rocks indicates
that the metamorphic conditions of the Langvatn assemblage were
relatively uniform across the Sitas area. However, there is a scatter in
the estimated P and T of equilibration based on geothermometry and
geobarometry that greatly exceeds analytical error. The scatter in P and
T of equilibration is due to different samples recording differing
degrees of retrograde re-equilibration during cooling from the D2(?)
metamorphic peak. Evidence for this retrograde re-equilibration is found
by consideration of: 1) the stability of the assemblage garnet +
biotite + kyanite and the stability of migmatitic partial melts, 2)
reaction textures, and 3) garnet zonation profiles. These indicate that
the P-T conditions at the time of the D2(?) metamorphic peak were
approximately 600-700 0C, 9-10 kbars. Between D2 and D4 , the Langvatn
assemblage was uplifted and cooled to the conditions recorded by the
garnet-biotite geothermometer and the Al-silicate absent
garnet-plagioclase geobarometer. During D5 , the Langvatn assemblage was
thrust over the cooler rocks of the Storrit and Basement complexes and
cooled below the minimum stabililty of garnet (400-450*C). The P-T path
followed by the Langvatn assemblage is shown in Figure 4-11.
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Storrit complex:
Timing of Metamorphism:
The timing of the metamorphic peak of the Storrit complex is
difficult to determine because of the pervasive development of the S5
foliation. D5 clearly post-dates the growth of garnet as the S5
foliation is warped around garnet porphyroblasts. Pressure shadows form
adjacent to garnets and some garnets are broken and strung out in S5 - In
addition, garnet has been partially retrograded to chlorite ± biotite
where the S5 foliation is well developed (Figure 4-17).
F5 micro-folds transpose an older mica foliation. Because a major
thrust zone separates the Langvatn assemblage and the Storrit complex,
the relationship between this foliation and the foliations recognized in
the Langvatn assemblage is unclear. One Storrit schist sample (RP-4)
shows only minor D5 strain and recrystallization. This sample contains
garnets with sigmoidal inclusion trails that are continuous with a mica
foliation in the matrix. This foliation is cut by an S5 spaced cleavage.
This relationship indicates that garnet growth within the Storrit
complex pre-dates D5 but is synchronous with the development of a pre-D 5
foliation. How this foliation relates to the foliations recognized in
the Langvatn assemblage is unclear. However, it appears that only one
fabric-forming deformation phase pre-dates D5 in the Storrit complex
rather than the 3 phases present in the Langvatn assemblage, and that no
fabric-forming deformational phases affected the Storrit complex between
the growth of garnet and D5.
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Phase Equilibria:
Garnet, biotite, muscovite, and plagioclase from 8 garnet-bearing
Storrit complex schist samples were analysed using the microprobe at
M.I.T. In addition, micas from 2 garnet-free Storrit schists were
analyzed. Representative mineral analyses are given in Appendix 1.
Muscovite and biotite were unzoned and no significant compositional
difference was found between matrix muscovite and biotite and micas in
contact with garnet, nor were significant compositional differences
found between different generations of matrix muscovite and biotite.
Garnets were zoned, so rim and core compositions are given in Appendix
1. Plagioclase was unzoned to moderately zoned. Where zoning was found
to be significant, rim and core compositions are given in Appendix 1.
The phase relations of the Storrit schists are shown graphically in
an AFM projection from quartz + muscovite + H20 (Figure 4-12). For
comparison, the phase relations from the Langvatn assemblage are shown
in Figure 4-12. The garnet-biotite tie lines for the Storrit Complex
samples are significantly less steeply inclined than the garnet-biotite
tie lines from the Langvatn assemblage samples. This is inconsistent
with the Storrit complex having experienced the same metamorphic
P-T conditions as the Langvatn assemblage. In addition, there are
crossing tie lines among the Storrit Complex samples. The crossing
tie-lines persist even when Ca or Mn are considered in the projection
scheme and are considered to indicate that different samples recorded
somewhat different metamorphic conditions. The magnitude of these
differences will be discussed below.
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Figure 4-12: AFM projection from quartz + muscovite + H20 Of mineral
assemblages from the Storrit complex. The phase
assemblages from the Langvatn complex are shown with
dashed lines for comparison.
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Geothermo-barometry:
Pressures and temperatures were calculated for 5 Storrit complex
samples (RP-4, RP-17, RP-20, RP-22, and FF-3) containing the assemblage
garnet + biotite + plagioclase + muscovite using the garnet-biotite
geothermometer (Ferry and Spear, 1978) and the garnet-plagioclase
-muscovite-biotite geobarometer (Crowley and Hodges, 1983). A discussion
of the choice of P and T sensitive equilibria and solution models is
given in Appendix 2. The calculated P and T are shown in Figure 4-13.
The P-T estimates range from 450*C, 4.8 kbars to 475*C, 6.3, kbars. The
dashed rhomb in Figure 4-13 is an estimate of analytical uncertainty in
the P-T estimates. Since all 5 samples fall within this rhomb and thus
within analytical error of one another, they all record essentially the
same metamorphic conditions. This is rather remarkable as all samples
have undergone a retrograde metamorphism associated with the T5
Frostisen-Mereftasfjell thrusting that resulted in chlorite partially
replacing garnet + biotite. The Storrit garnet analyses come from the
uncorroded or relatively uncorroded rims of garnets that are commonly
surrounded by 0.5-2.0 mm thick chlorite ± biotite coronas. The P-T
estimates in Figure 4-13 are taken to represent the peak metamorphic
conditions of the Storrit complex.
The calculated pressures and temperatures from the Storrit Complex do
not show any indication of a regional P-T gradient. However, the
presence of a regional P-T gradient with northeast trending isograds is
indicated by the common presence of garnet at all structural positions
within the Storrit complex in the northwest part of the Sitas area (on
Filfjell, Baugefjell and Storriten, Plate 1 ) and its disappearence
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Figure 4-13: Estimates of the pressure and temperature of equilibration
of the Storrit complex based on simultaneous solution of
the garnet-biotite geothermometer and the Al-silicate
absent garnet-plagioclase geobarometer. The small solid
rhombs are the range in calculated P and T for individual
samples and the dashed rhomb is an estimate of analytical
precision.
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towards the southeast.
Since the Storrit complex is a collage of tectonic slices, it is not
possible to map isograds within it, but the field relations indicate
that the Storrit complex was derived from a source that had a P-T
gradient with northeast trending isograds. The slices derived from
the furthest to the northwest (those that now crop out furthest to the
northwest and at the highest levels) therefore record the highest P-T
conditions and contain garnet.
Alternatively, the lack of garnet towards the southeast could be the
result of different bulk compositions being imbricated in the Storrit
complex towards the southeast. In an attempt to see if this was the
case, micas from 2 garnet-free Storrit schists were analysed. Figure
4-15 is an AKF diagram in which the composition of garnet, biotite,
muscovite, and microcline from garnet-bearing Storrit schists,
garnet-free Storrit schists and Rombak-Sjangeli granite mylonites are
represented. The micas from garnet-free Storrit schists fall in the
2-phase field muscovite + biotite between the 3-phase fields garnet +
biotite + muscovite and biotite + muscovite + microcline in this
projection and appear to represent more potassic bulk compositions than
the garnet-bearing Storrit schists.
However, the micas from the garnet-free Storrit schists are more
Fe-rich than those from the garnet-bearing schists. Since garnet is
probably the Fe-saturating phase in these rocks the lack of garnet in
assemblages with Fe-rich micas could indicate that the lack of garnet is
not a fuction of bulk composition, but rather of temperature. Further
work is required to sort out this problem.
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Figure 4-15: AKF projection from quartz + H20 of phase relations from
the Storrit complex. K-rich muscovite + biotite
assemblage co-exists with microcline while K-poor
assemblages co-exist with garnet.
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Figure 4-16: S5 cleavage cutting S2 cleavage, Njunjas schist.
Figure 4-17: Chlorite (c) corona on garnet (g), Storrit schist.
Figure 4-18: S5 cleavage, middle phyllite member, T'drnetrask Formation.
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Summary Storrit Complex:
The penetrative nature of the post-metamorphic D5 deformation within
the Storrit complex obscures its metamorphic history. However, it
appears that only one fabric-forming deformation pre-dates D5 in the
Storrit complex and that the metamorphic peak was approximately
synchronous with that deformation. Where that deformation fits into the
sequence of events outlined for the Langvatn assemblage in unclear, but
it is likely that it postdates D2 -
Pressures and temperatures calculated by simultaneous solution of the
garnet-biotite geothermometer (Ferry and Spear, 1978) and the
Al-silicate absent garnet-plagioclase geobarometer (Crowley and Hodges,
1983) all fall within analytical error of 450*C, 5.5 Kbars. The lack of
scatter in P-T estimates is evidence that the P and T recorded is
approximately the "peak" metamorphic P and T. These "peak" conditions
are the conditions of the Storrit complex prior to the D5 deformation.
During D5 , the Storrit complex cooled below the stability of garnet
(400-450 0 C).
Basement Complex:
Timing of Metamorphism:
In contrast to the overlying rocks of the Storrit complex and
Langvatn assemblage, the Basement complex only developed an S5 foliation
(Figure 4-18). This muscovite + biotite foliation parallels the
Frostisen thrust and its development is probably approximately
synchronous with movement on the Frostisen thrust. At Tutturjaure,
quartz grains in quartzites and schists from the Tornetrask Formation of
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the Basement complex are relatively unstrained compared to quartz grains
from the overlying Storrit complex. Equant quartz grains with straight
grain boundaries and 1200 triple junctions are common in the Tornetrask
Formation. These grains show undulatory extinction, but in contrast to
the quartz grains in the Storrit complex, polygonalized sub-grains are
generally not developed.
The "equilibrium" nature of the Tornetrask quartz morphology is in
marked contrast to the highly strained quartz present less than 10's of
m structurally higher in the lowest part of the Storrit complex. As both
the Tornetrask Formation and the directly overlying Storrit schists were
subjected to similar high strains, the significantly less strained
quartz grains in the Tornetrask Formation indicates that some
post-thrusting heating and annealing of the Basement complex occurred.
The metamorphic recrystallization of the Basement complex therefore
appears either to be approximately synchronous with or to slightly
post-date D5 -
Two-Feldspar Geothermometry:
Microcline and plagioclase were analysed from 2 Rombak-Sjangeli
granite mylonites in an attempt to determine the temperature of the
basement during mylonite formation. The samples come from immediately
below the Frostisen thrust (RP-10) and 60 m structurally below the
Frostisen thrust (RP-8). The mylonitic foliation in these samples is
parallel to the Frostisen thrust and formed during the D5 movement of
the Frostisen thrust.
Three types of co-existing microcline and plagioclase occur in the
mylonitic Rombak-Sjangeli granites. These are: 1) perthitic exsolution
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blebs of plagioclase in microcline augen, 2) antiperthitic exsolution
blebs of microcline in plagioclase augen, and 3) polygonalized grains of
microcline and plagioclase in the mylonitic matrix. The first 2 types of
co-existing feldspar are igneous in origin, the perthitic and
antiperthetic exsolution occurring during cooling of the Rombak-Sjangeli
granite. The third type, the polygonalized grains, formed during
mylonitization. The matrix of the mylonite dynamically recrystallized
forming the polygonalized grains. If chemical equilibrium was maintained
between adjacent microcline and plagioclase grains during this
recrystallization, the composition of the co-existing feldspars should
allow estimation of the temperature of mylonitization.
The compositions of the co-existing microcline and plagioclase are
given in Appendix 1. The two-feldspar equilibrium has been calibrated by
several workers. The Whitney and Stormer (1977) calibration of the
microcline-low albite equilibria is probably most applicable to the
Rombak-Sjangeli feldspars. The calibration is given in Appendix 2.
Temperatures were calculated for all three types of co-existing
feldspar assuming that they equilibrated at approximately 5.0 kbars
(Table 4-1). An error in the assumption that the mylonites formed at P =
5 kbars has little effect on the calculated temperatures. An error of 2
kbars will change the calculated temperature by less than 20*C.
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TABLE 4-1
Rombak-Sjangeli Granite Mylonite 2-Feldspar Temperatures
RP-8 RP-10
perthitic microcline 444 0C 401 0C
antiperthitic plagioclase 433 0 C
mylonitic matrix 409*C 352 0 C
The 2-feldspar temperatures range from 352 0C to 444 0C. The
temperature calculated from the mylonitic matrix for both samples is
less than that of the exolved igneous feldspars for both samples
However, the difference in temperature between the exolved igneous
feldspars and the recrystallixed mylonitic feldspar is small (24-49*C)
and is within the range of analytical error (±30 0 C), and therefore may
not be meaningful.
Two-feldspar geothermometry on Rombak-Sjangeli granite mylonites
demonstrates that the Rombak-Sjangeli granite cooled and crystallized
slowly with feldspar grains exolving and remaining in equilibrium to
temperatures of approximately 400 0C. Temperatures calculated from
feldspar grains in the mylonitic matrix are within analytical error of
those calculated for the exolved igneous feldspars. This makes
interpretation of the matrix temperatures unclear as the mylonitization
of the feldspars may have occurred without the establishment of chemical
equilibrium between matrix feldspar grains. However, since the matrix
feldspar temperatures are not higher than those of the exolved igneous
feldspars, it seems likely that the temperature did not exceed 350-400C
during mylonitization. This temperature estimate is supported by the
geothermo-barometry of the Storrit Complex schists.
Summary: Basement Complex
The metamorphic peak of the Basement complex appears either to be
approximately synchronous with or to post-date D5. An S5 foliation is
the only foliation developed in the Basement complex gneisses and
schists. The P-T conditions of the Basement complex are difficult to
estimate as the conditions of the Basement complex never exceeded
biotite grade, but the lack of garnet in the meta-sediments of the
Tornetrask Formation indicates that the "peak" temperature never
exceeded approximately 400-450*C. Two-feldspar geothermometry on
Basement complex mylonites suggests that the temperature during D5
mylonitization never exceeded 350-410*C. The pressure in not constrained
petrologically.
Discussion:
Syn-metamorphic(?) Faulting in the Langvatn Assemblage:
Several aspects of the metamorphic petrology of the samples from the
Langvatn assemblage indicate that there may have been a syn-metamorphic
juxtaposition of units within the Langvatn assemblage. The phase
equilibria and the pressures and temperatures calculated from mineral
rim compositions do not reflect the existence of a metamorphic break, so
this juxtaposition must have occurred before the time of final
equilibration of the Langvatn asssemblage. In the field, no faults were
recognized that appeared to be syn-metamorphic, so the existence of
these faults is based solely on differences in metamorphic history
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between rocks from the Langvatn assemblage. The existence of
syn-metamorphic faults is indicated by: 1) differences in garnet
zonation profiles and 2) by the apparent stratigraphic control on the
location of felsic intrusives of possible migmatitic origin.
Garnet zonation profiles from the Langvatn assemblage are shown in
Figure 4-9. As mentioned earlier, with the exception of samples FF-11
and RP-36, all of the samples from the Langvatn assemblage have nearly
flat zonation profiles. Mn tends to decrease slightly from core to rim,
while overall, Fe, Mg and Ca tend to increase slightly from core to rim.
In contrast to the overall flat trend of these proifiles, the outer 100
y of these garnets tends to be strongly zoned. The outer 100 y shows
moderate to large decreases in the Mg content towards the rim
accompanied by slight increases in the Mn content and moderate to large
increases in the Fe content.
The overall flat nature of these zonation profiles is typical of
garnets that have been metamorphosed to sufficiently high temperature
for growth zonation profiles to be homogenized by volume diffusion (e.g.
Anderson and Olimpio, 1977; Woodsworth, 1977). The steep zonation
profiles seen in the outer 100 y. of the garnet are typical of
diffusional zonation profiles caused by cooling between a metamorphic
peak that diffusionally homogenized the garnets and the temperature at
which diffusion in garnet was negligible.
In contrast to the typical flat profiles of the Langvatn assemblage
samples FF-11 and RP-36 are strongly zoned with large decreases in Mn
from core to rim accompanied by moderate to large increases in Fe and
moderate increases in Mg from core to rim. Ca in RP-36 is almost
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unzoned, while Ca in FF-11 is strongly zoned, first decreasing and then
increasing from core to rim. These zonation profiles are quite diferent
from the flat "homogenized" profiles of the other samples and is
evidence that these 2 samples could not have been metamorphosed to a
temperature that was sufficient to diffusionally homogenize garnets in
the other samples.
Most of the samples analyzed appear to have been metamorphosed to a
temperature above the "flat garnet zoning" isograd first suggested by
Yardley (1977), while 2 of the samples (FF-11, RP-36) were not
metamorphosed above the flat garnet zoning isograd. Since both of these
0
samples come from the same formation, the Skjafjell schist, it indicates
0
that the Skjafjell schist may have experienced a different early
metamorphic history than other parts of the Langvatn assemblage.
Stratigraphic Control on Migmatite Genesis:
As was mentioned in Chapter 2 there is a stratigraphic control on the
location of felsic intrusive rocks; trondjemites and pegmatites are
believed to be mobilized partial melts of the surrounding
meta-sedimentary rocks. Felsic intrusive rocks are found only in the
stratigraphic units that are exposed on the southwest limb of the
0
Baugefjell antiform structurally above the Skjafjell schist. Only the
Reppi schist, the Marko complex, the Hjertevatn gneiss, the Bauro
kyanite gneiss and the Bauro schist are cut by felsic intrusives. No
0 0
felsic intrusives are present in the Njunjas schist, the Rapetjakka
0
hornblende schist, the Filfjell complex, the Skjafjell schist or the
Raudvatn complex.
There are 2 possible explanations for this control on the location of
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these intrusives: 1) the bulk composition of the migmatite-bearing
rocks is such that an initial partial melt would be generated at a lower
temperature than in the migmatite-free rocks or 2) the migmatite-bearing
rocks were metamorphosed to higher temperature.
The part of the section in which felsic intrusive rocks occur is
somewhat more aluminous than the part of the section which contains no
felsic bodies. Kyanite is present only in those units that are intruded
by migmatites. All of the minimum melt reactions (Thompson, 1982)
involve Al2SiO 5 , so more aluminous rocks would produce partial melts at
a lower temperature. It could thus be argued that the stratigraphic
control on migmatite genesis is due to differences in bulk composition,
although the felsic intrusive rocks in the calcarious Reppi schist are
problematic.
However, since the break between migmatite-bearing and migmatite free
0
rocks occurs at the level of the Skjafjell schist and approximately
coincides with a break between garnets that appear to have undergone
different early metamorphic histories, the possibility that the
stratigraphic control of the migmatites is due to different early
metamorphic histories must be considered.
Although not recognized in the field during the preparation of the
Sitas geological map (Plate 1), the presence of a syn-metamorphic fault
0 0
either within the Skjafjell schist or at the top of the Skjafjell
schist is indicated by the metamorphic petrology. Garnets from the
0
Skjafjell schist are much more strongly zoned than garnets from the
Bauro kyanite gneiss and indicate that the Bauro gneiss was
metamorphosed to conditions above the flat garnet zonation isograd,
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while the Skjafjell schist never reached the flat garnet zonation
isograd. In addition, migmatites are present in all units above the
0
Skjafjell schist, while none are found in any of the units structurally
below the Reppi schist.
The Effect of Crustal Scale Thrusting on Metamorphism
Each of the 3 major structural domains in the Sitas area record a
metamorphic peak that occurs at different times within the deformation
sequence detailed in Chapter 3. The metamorphic peak occurs earliest in
the highest structural domain and is sucessively younger in the lower
structural domains. The metamorphic peak of the Langvatn assemblage
is either synchronous with or pre-dates D2. The metamorphic peak of the
Storrit complex is a pre-D 5 event, while the metamorphic peak of the
Basement complex is either synchronous with or slightly post-dates D5 -
Each of the three major structural domains in the Sitas area also
record different peak metamorphic P-T conditions, with the highest P-T
conditions recorded by the highest structural domain and successively
lower conditions recorded in lower structural domains. The peak
metamorphic conditions recorded by the Langvatn asssemblage are
650-700*C, 9-10 kbars. The Storrit complex records a metamorphic peak of
approximately 450*C, 5.5 kbars, while the Basement complex never
exceeded 350-4100C. The differences in P and T for the 3 structural
divisions during the 6 deformations (Dl - D6) is summarized in Figures
4-20 and 4-21.
Differences in the both the P-T conditions and timing of the
metamorphic peak do not necessarily imply unrelated tectonic histories
for the 3 structural divisions. An increase in metamorphic grade and a
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younging of the metamorphic peak in lower structural plates, such as
that seen in the Sitas area, is predicted from a consideration of the
effects of crustal scale thrusting on the thermal structure of the crust
(e.g. Oxburgh and Turcotte, 1974; England and Richardson, 1977; Oxburgh
and England, 1980).
Rates of thermal re-equilibration are significantly slower than
tectonic transport velocities so large scale thrusting perturbs the
geotherm. The formation of a crustal scale thrust complex at plate
tectonic velocities perturbs the geotherm such that a sawtooth-like
inversion in the geotherm develops (Figure 4-19). If the thermal
structure (distribution of heat producing elements and thermal
conductivity) of both the upper and lower plates is both uniform and
similar, then with time the perturbed geotherm will decay back towards
the pre-thrust steady state geotherm. However, the distribution of heat
generating elements within the crust is not uniform. These elements tend
to be concentrated in the upper crust. The formation of a crustal scale
thrust doubles the high heat generation layer. This causes the perturbed
geotherm to decay back to a higher "steady-state" geotherm than the
pre-thrust "steady-state" geotherm. Figure 4-13 shows the 3 ways that
the lower plate of a thrust complex can evolve towards the steady-state
geotherm. It can happen by: 1) the flow of heat from below with no
uplift; 2) decompression that is too rapid (effectively instantaneous)
for significant heat to flow from below; or 3) uplift at typical
erosional rates. In all cases, the lower plate of the thrust complex
reaches its thermal maximum some time after thrusting.
In contrast, the upper plate of a thrust complex commonly does not
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Figure 4-19 Possible P-T paths that could be followed by rocks in the
lower plate of a crustal scale thrust complex. In all
geologically reasonable cases the metamorphic peak (*)
post-dates thrusting.
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Figure 4-20: Approximate temperature-time (relative) paths for the 3
structural divisions in the Sitas area.
161
CC
.Q
r__ 0- CO
L.
Figure 4- 21: Approximate pressure-time (relative) path for the 3
structural divisions in the Sitas area.
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heat up after the thrusting. Unless the upper plate sits at
depth and the perturbed geotherm decays isobarically to the higher
post-thrust "steady-state" geotherm, the upper plate reaches its thermal
maximum before thrusting. In fact, the underthrusting of the cooler
lower plate will tend to reduce the upper plate temperature following
thrusting. If a thrust complex is uplifted at typical erosional rates,
the thermal peak of the upper plate will tend to pre-date the
thrusting.
If the metamorphism in the Sitas area is related to the emplacement
of the Langvatn assemblage allochthon onto the Storrit and Basement
complexes, the thermal peak of the Langvatn assemblage would be expected
to pre-date the T5 Frostisen-Mereftasfjell thrusting while the thermal
maximum of the Storrit and Basement complexes would be expected to
post-date the T5 thrusting. As predicted, the thermal peak of the
Langvatn assemblage pre-dates the T5 thrusting and the thermal peak of
the Basement complex post-dates it. However, the thermal peak of the
Storrit complex pre-dates the the T5 thrusting.
The simple scenario described above ignores the thermal effects of
all structural events that pre-date the T5 trusting. As described in
Chapter 3, the T5 thrusting is one of the later structural events to
affect the rocks exposed in the Sitas area.
During D2 , the rocks of the Langvatn assemblage in the Sitas area
were isoclinally folded and the regional mica foliation developed. In
0
addition, near Forsa approximately 20 kms to the west of the Sitas area,
a major T2 thrust fault is exposed (see Chapter 3). This thrust, the
0
Forsa thrust, emplaces rocks of the Langvatn assemblage onto the
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Tysfjord granite. The Tysfjord granite was crystalline Baltoscandinavian
0
basement during D2 (Hodges et al., 1982). The T2 Forsa thrust appears to
be the "primary suture" between the Langvatn assemblage allochthon and
Baltoscandinavia while the T5 Frostisen and Mereftasfjell thrusts are
second order structures.
0
For this reason, the Forsa thrust may have had a larger effect on the
thermal structure of the rocks in the Sitas area than the Frostisen and
Mereftasfjell thrusts. If this is the case, the thermal peak of the
Langvatn assemblage would be expected to pre-date the end of D2 , while
the thermal peak of the Storrit and Basement complexes would be expected
to post-date D2. The pre-D5 metamorphism of the Storrit complex may have
occurred in response to loading of the Storrit protolith by the Langvatn
assemblage allochthon. During D5 the Langvatn assemblage allochthon was
transported further towards the foreland imbricating the underlying
basement and sedimentary cover to form the Storrit complex. The cooler
Basement complex in the Sitas area heated up in response to the D5
loading by the Langvatn assemblage and Storrit complex allochthons,
reaching its thermal peak after D5.
The metamorphic break across the Mereftasfjell thrust can be used to
estimate the amount of post-metamorphic (D5) movement that occurred
between the Storrit complex and the Langvatn assemblage. The pressure
and temperature conditions recorded by mineral thermometers and
barometers are reasonable estimates of the pre-D 5 conditions of both the
Langvatn assemblage and the Storrit Complex. The pre-D 5 pressure
difference across the Mereftasfjell thrust indicated by mineral
geobarometry is approximately 2.5 kbars. This corresponds to a
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difference in structural position of approximately 7 kms. The present
shallow dip of the Mereftasfjell thrust (<10*) indicates that there was
at least 40 kms of post-metamorphic movement along the Mereftasfjell
thrust. Even if the dip of the Mereftasfjell thrust was as steep as 300,
there was at least 15 km of post-metamorphic movement along the
Mereftasfjell thrust. The amount of displacement between the Langvatn
assemblage and the Basement complex that occurred across both the
Frostisen and Mereftasfjell thrusts will be greater, but it is likely of
the same order of magnitude.
The amount of displacement indicated by the metamorphic break across
the Frostisen-Mereftasfjell thrust is significantly less than the
displacement required by the structural overlap of the Langvatn
assemblage allochthon on the Basemant complex. Over 160 km of
displacement is required to root the Langvatn asssemblage rocks exposed
in the Sitas area west of Basement complex exposures on the Lofoten
Islands. This indicates that the Frostisen-Mereftasfjell thrust is a
secondary structure rather than the primary suture between the oceanic
rocks of the Langvatn assemblage and the continental rocks of the
Basement and Storrit complexes. At this lattitude, the "primary suture"
0
is the Forsa thrust (Hodges, 1982) that is exposed 20 km west of the
Sitas area. The bulk of the displacement between the Basement complex
and the Langvatn asemblage allochthon required by the structural overlap
0
of the two is taken up along the Forsa thrust, while the
Frostisen-Mereftasfjell thrust system is a second order structure that
only accounts for a few 10's of kms of the displacement required by the
structural overlap.
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CHAPTER 5: ISOTOPE GEOCHRONOLOGY
Introduction:
Two major periods of metamorphism and deformation have been
recognized in the Northern Scandinavian Caledonides, a Cambro-Ordovician
or Finnmarkian phase (Sturt et al.,1978) and a Siluro-Devonian or
Scandian phase. In the Sitas area, there are no bio-stratigraphic
constraints on the age of deformation and metamorphism except that the
D5 Frostisen-Mereftasfjell thrusting must post-date the deposition of
the lower Cambrian sedimentary rocks of the Tornetrask Formation. This
requires the D5 event to be Caledonian, but does not provide constraints
as to whether the deformation is Finnmarkian or Scandian.
In order to provide timing constraints on the deformation and
metamorphism, isotopic ages are required. Hodges (1982) and
Bartley (1980) have reported hornblende and biotite K/Ar and
biotite-whole rock Rb/Sr ages for samples of both the Langvatn
assemblage and the pre-Caledonain basement collected between 20 and 100
kms northwest of the Sitas area. These ages range from 347-463 m.y.
(upper Ordovician to upper Devonian) supporting a Caledonian age for the
metamorphism.
However, interpretation of this isotopic data beyond the assertion
that the metamorphism is Caledonian is problematic. K/Ar hornblende and
biotite ages from individual samples are discordant; the hornblende ages
are approximately 100 m.y. older. This discordance could be the result
of cooling at a rate of approximately 3*/m.y. between the blocking
temperatures of hornblende and biotite (Hodges, 1982). If this is the
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Table 5-1
Caledonian Isotopic Ages Near the Sitas Area
Sample # System Lithology Age
K/Ar bio
K/AR bio
K/Ar bio
K/Ar bio
K/Ar hbl
K/Ar hbl
K/Ar hbl
Rb/Sr bio-w.r.
Rb/Sr bio-w.r.
Rb/Sr bio-w.r.
Rb/Sr bio-w.r.
Tysfjord granite
Sjurvatn schist
Sjurvatn schist
dike in Tysfjord granite
dike in Tysfjord granite
Raudvatn amphibolite
dike in Sjurvatn schist
Middagstind qtz-diorite
Middagstind qtz-diorite
Ruggevik tonalite
Ruggevik tonalite
Source: 1) Hodges (1982)
2) Bartley (1980)
79-IG
79-5C
79-12E
79-3H
79-3H
79-7D
79-14D
376± 16
377± 16
369± 16
393±13
463±19
436±18
448± 20
347± 4
361±3
362±5
358±4
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case, it implies that the D2 metamorphic peak is pre-upper Ordovician
and could therefore be a Finnmarkian event. Alternatively, the
hornblende ages might be anomalously old because of the adsorption of
extraneous radiogenic Ar during the crystallization of hornblende.
Anomalously old K/Ar ages have been reported from other parts of the
Caledonides (e.g. Reymer, 1979). If this is the case, then the D2
metamorphism could be a post-Ordovician or Scandian event.
The previous K/Ar and Rb/Sr mineral ages indicated that it would not
be possible to obtain isotopic constraints on the D2 metamorphic peak by
standard K/Ar or Rb/Sr mineral techniques. Since there are no large
syn-metamorphic intrusive bodies in the Langvatn assemblage, it was not
possible to date the metamorphic peak using conventional Rb/Sr whole
rock techniques. In order to obtain timing constraints on the syn-D 2
metamorphic peak of the Langvatn assemblage, 3 geochronological
techniques were attempted: 1) Two samples of banded (migmatitic?)
Hjertevatn gneiss were cut apart and alternating mafic and felsic bands
were analyzed for 8 7Rb/ 8 6Sr and 8 7Sr/ 8 6Sr to obtain a thin-slab Rb/Sr
whole rock isochron. 2) Garnet, muscovite, and non-magnetic (quartz +
plagioclase) separates as well as a whole rock sample from the matrix
schist of the Filfjell melange complex were analysed for 14 7Sm/ 14 4Nd and
143Nd/144Nd to obtain a Sm/Nd mineral isochron. 3) Whole rock samples
from the gabbro slice of the Marko complex were analyzed for 1 4 7 Sm/ 1 4 4 Nd
and 14 3 Nd/ 14 4Nd to obtain an Sm/Nd isochron for the gabbro slice in the
Marko complex. It had been hoped that the first 2 methods would yield
isotopic ages that would date the syn-D 2 metamorphic peak and that the
third method would yield an isotopic age that would help constrain the
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age of the protoliths of the Langvatn assemblage. Although the first 2
methods yielded results that are impossible to interpret and the third
method yielded a late Proterozoic age, the isotopic data is presented
and the results are discussed below.
Analytical Techniques:
Samples for isotopic analysis were collected during the mapping of
the Sitas region (Plate 1). Because the samples had to be packed out
10-30 kms, the samples are smaller than typical geochronological
samples, ranging in size from 1 to 5 kg. Only samples that appeared to
be unweathered and unfractured were collected. Any remaining weathered
material and cracks were removed with a diamond saw. The 2 samples of
the Hjertevatn gneiss were cut parallel to the compositional layering
into slabs 0.5 to 4 cm thick. The samples were then crushed in a steel
jaw crusher and ground in a steel disc mill. Approximately 100 g of
this material was pulverized in a tungstun-carbide shatterbox.
Mineral seperates from the sample of Filfjell complex schist (FF-12)
were prepared in the following manner. Individual euhedral garnets were
hand picked from a >20 mesh fraction. The edges of the garnets were then
polished to remove any alteration and the garnet was crushed to
approximately 100 mesh. The purity of the garnet seperate was low
(approximately 75%) because the garnet contained fine grained inclusions
of quartz and ilmenite-magnetite oxides. Muscovite was separated
magnetically and then hand picked to increase the purity to >95%. The
non-magnetic quartz + plagioclase separate was obtained using a magnetic
separator and hand picked to increase the purity to >98%.
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The chemical techniques for Sr, alkali, and REE separation and the
techniques for filament loading and running are detailed in Appendix 4.
Rb, Sr, Sm, and Nd concentrations were analyzed by isotope dilution
using the 9 or 12 inch solid source mass spectrometer at M.I.T. The
precision on the isotope dilution measurements is estimated to be better
than 0.5%. Sr and Nd isotopic compositions were measured on Nima B a 9
inch solid source mass spectrometer at M.I.T. Precision on the Sr and Nd
isotopic composition ranged from 0.004-0.009%. For the purpose of
calculating isochron ages, the error in parent/daughter ratio has been
taken as ±1% and the error in isotopic composition has been taken as the
largest quoted error in isotopic composition for the set of data.
Results:
Hjertevatn Gneiss:
Two samples of banded Hjertevatn gneiss were cut apart and analyzed
for Rb and Sr. The first sample (GT-24) was cut into 4 bands (GT-24A to
D) and the two thickest bands (GT-24A, a felsic band and GT-24D, a more
mafic band) were analyzed. The second sample (GT-29) was cut into 5
bands (GT-29A to E) and the 4 thickest bands (GT-29A, C, D and E) were
analyzed. The bands ranged in thickness from 1 to 4 cms. The felsic
bands are composed of microcline + albite + quartz + muscovite + biotite
+ epidote while the mafic bands contain plagioclase + quartz + biotite +
epidote + actinolitic hornblende + sphene. The Rb and Sr concentrations
and the 8 7Rb/ 8 6Sr and 8 7Sr/ 8 6Sr ratios are given in Appendix 3.
The Rb/Sr ratios range from 0.17 to 0.67 and the 8 7Sr/ 8 6Sr ratios
range from 0.7081 to 0.7091. The samples do not form a linear array with
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a positive slope on an isochron plot (Figure 5-1). Regressing a line
through the data in Figure 5-1 gives a line with a negative slope that
would correspond to a negative age of approximately -131 m.y. The Rb/Sr
data for the Hjertevatn gneiss is therefore not interpretable in terms
of the age of formation.
Filfjell Complex Schist:
Garnet, muscovite, and quartz + plagioclase were seperated from a
sample of the Filfjell melange complex matrix schist (FF-12). The schist
is composed of garnet + hornblende + muscovite + biotite + plagioclase +
epidote + quartz with minor apatite + sphene. These seperates and a
sample of the whole rock were analyzed for Sm and Nd. The Sm and Nd
concentrations and the 147Sm/ 14 4Nd and 14 3Nd/1 4 4Nd ratios are given in
Appendix 3. The 14 7Sm/ 14 4 Nd ratios range from 0.102 to 0.117 and the
14 3Nd/ 14 4Nd ratios range from 0.51165 to 0.51171. The spread in
14 7Sm/14 4Nd is very small so the spread in 14 3Nd/ 14 4Nd only slightly
exceeds analytical error, making it difficult to calculate a meaningful
age from these Sm/Nd data. When plotted on an isochron plot (Figure
5-2), all of the data falls within analytical error of a regression
line. Using the linear regression technique of York (1969) model 2, a
line was regressed through the data with a slope that corresponds to an
age of 666±415 m.y. with an initial ratio of 0.51121±0.00030
(M.S.W.D.=0.58). Although the error on the age is very large, the
M.S.W.D. is small enough (<1) to define an isochron (Brooks et al.,
1972). The large error on this isochron age make it difficult to
interpret.
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Figure 5-2: Sm/Nd isochron plot. The line corresponds to an age of
666 ± 415 m.y. and an initial ratio of 0.51121 ± 17
(MSWD = 0.58).
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Gabbro Sheet, Marko Complex:
Three whole rock samples (MJ-3, MJ-18, MJ-19) from the gabbro sheet
in the Marko complex were analyzed for Sm and Nd. MJ-18 and MJ-19 are
samples of medium-grained olivine two-pyroxene gabbro and MJ-3 is a
clinopyroxenite. The samples are relatively fresh although olivine has
been partially altered to serpentine + magnetite along grain boundaries
and fractures. The concentrations of Sm and Nd and the 14 7Sm/ 14 4Nd and
1 4 3 Nd/ 1 4 4 Nd ratios are given in Apendix 3. There is a considerable
spread in 14 7Sm/ 14 4Nd (0.17-0.25) which results in a large spread in
14 3Nd/1 4 4Nd. The spread is significantly larger than analytical error,
allowing calculation of a meaningful age. On an isochron plot of
147Sm/144Nd v.s. 1 4 3 Nd/ 14 4Nd (Figure 5-3) all 3 samples fall within
analytical error of a regression line. A line was obtained using the
linear regression technique of York (1969) model 2 that has a slope that
corresponds to an age of 887±90 m.y.. The inital 143Nd/144Nd ratio of
the gabbro was 0.51145±.00013. The M.S.W.D. is significantly less than 1
(M.S.W.D.=0.03) indicating that this is an "isochron age" (Brooks et
al.,1972).
The Sm/Nd whole rock age of 877±90 m.y. is considered to approximate
the age of crystallization of the gabbro sheet in the Marko complex.
This isotopic age provides no constraints on the timing of Caledonian
deformation, but does implies that upper Precambrian mafic rocks have
been incorporated into one of the melanges of the Langvatn assemblage.
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DISCUSSION:
Hjertevatn Gneiss:
Rb/Sr isotopic analysis of 2 thin-slab samples of banded Hjertevatn
gneiss failed to yield systematics that can be interpreted to give the
age of formation of the Hjertevatn gneiss. In fact, on an isochron plot
the samples cluster around a line with a negative slope that would
correspond to a negative age of -131 m.y. Although this line cannot
represent an isochron, it is possible that the linear array formed by
the samples is significant. On an isochron plot, two component mixing
lines can often approximate straight lines. The linear array formed by
the Hjertevatn gneiss samples may be the result of mixing 2 components
with different 8 7Sr/ 8 6Sr and 8 7Rb/8 6Sr ratios during the formation of
the Hjertevatn gneiss.
In order to determine the possible end-member components that could
mix to form the linear array seen in Figure 5-1, the 8 7Rb/ 8 6Sr and
8 7Sr/ 8 6Sr ratios at the time of formation of the Hjertevatn gneiss must
be calculated. Although this requires knowledge of the age of the
Hjertevatn gneiss, knowledge of the exact age of the Hjertevatn gneiss
is not critical. For this calculation, the age has been assumed to be
410 m.y., but varying the age between 400 and 550 m.y. does not change
the character of the end-members. The 8 7Rb/8 6Sr and 8 7Sr/ 8 6Sr ratios of
the Hjertevatn gneiss samples at 410 m.y. have been calculated (Table
5-2) and plotted on an isochron plot (Figure 5-4). At 410 m.y. a good
linear array with a steeper negative slope than the present-day array is
formed.
If the linear array at 410 m.y. is the result of 2 component mixing,
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Table 5-2
410 M.Y. Hjertevetn Gneiss Two-Component Mixing Model
GT-24A GT-24D GT-29A GT-29C GT-29D GT-29E
87Rb/86Sr(l) 0.636
87Sr/86Sr(l) 0.70833
87Rb/86Sr(2) 0.641
87Sr/86Sr(2) 0.70463
0.665 0.273 0.505 0.172 0.428
0.70838 0.70899 0.70814 0.70916 0.70910
0.670 0.275 0.509 0.173 0.431
0.70451 0.70740 0.70520 0.70816 0.70661
% Juvenile
component
Sr (ppm)(1)
Sr (ppm)(3)
Rb (ppm)(1)
Rb (ppm)(3)
End-members:
94.1
201
193
95.8
200
190
34.6
325
288
31
28
85.4
230
206
40
42
6.2
234
334
14
21
Juvenile felsic: 8 7Rb/8 6Sr=0.70, 8 7Sr/ 8 6Sr=0.7042
Sr=183 ppm, Rb=45 ppm
Enriched Sr Rb-poor: 8 7Rb/8 6Sr=0.16, 8 7Sr/8 6Sr=0.7083
Sr=344 ppm, Rb=19ppm
(1) Measured present-day value
(2) Calculated 410 m.y. value
(3) Value calculated from mixing model
56.9
241
252
36
34
177
0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 5-4; Mixing line between a juvenile felsic component and a high
87Sr/86Sr, Rb free component 8 7Rb/ 8 6 Sr and 8 7 Sr/ 8 6 Sr for
the Hjertevatn gneiss samples have been projected back to
t = 410 m.y. The mixing line is contoured in % juvenile
felsic component.
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the 2 components must be identified. An obvious choice for one of the
end-member components is a component with a juvenile or Bulk Earth
8 7Sr/ 8 6Sr ratio. Although the Bulk Earth 8 7Sr/8 6Sr ratio at 410 m.y. is
not precisely known it can be estimated by projecting from the Bulk
Earth initial ratio at t=4.55 b.y. BABI 0.69898 (Papanastassiou and
Wasserburg, 1969) to the present-day Bulk Earth ratio of 0.7047
estimated from the Nd-Sr oceanic correlation line. This gives a Bulk
Earth 8 7Sr/ 8 6Sr ratio at 410 m.y. of 0.70420. For one end-member
component to have a 8 7Sr/8 6Sr ratio of 0.70420, it must have a 8 7Rb/ 8 6Sr
ratio of approximately 0.70. The second end-member is a Rb poor
component (8 7Rb/8 6Sr=0.16) that contains enriched Sr (8 7Sr/ 8 6Sr=0.7083).
A mixing line between these 2 components is shown on the isochron plot
(Figure 5-4) There is a good fit between the Hjertevatn gneiss data and
this mixing line.
The high Rb content (45 ppm) of the component with a juvenile
8 7 Sr/ 8 6 Sr ratio indicates that this component is a felsic melt. The
identity of the Rb-poor component with enriched Sr is enigmatic.
Continental clastic sedimentary rocks tend to have both high 8 7Sr/ 8 6Sr
and 8 7Rb/ 8 6Sr ratios, so it is unlikely that this component represents
clastic sediments. Carbonate rocks are Rb-poor and contain enriched Sr,
so a possible candidate for the Rb-poor high 8 7Sr/ 8 6Sr end-member is
carbonate-rich sedimentary rocks. This possibility is suppported by the
association of the banded Hjertevatn gneiss with calcareous
meta-sedimentary rocks.
Assuming that the linear array formed by the Hjertevatn gniess
samples is the result mixing of these 2 components, the proportion of
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felsic igneous component to Rb-poor enriched Sr component
(carbonate-rich sedimentary rock) can be calculated. The amount of
igneous component with juvenile Sr ranges from 6% to 96% (Table 5-2)
The Rb-Sr systematics of samples of banded Hjertevatn gneiss do not
support the idea that the Hjertevatn gneiss is a migmatitic complex
formed by partial melting of Langvatn assemblage clastic meta-
sedimentary rocks. The Rb-Sr systematics instead suggest that the
Hjertevatn gneiss is a mixture between a juvenile felsic melt component
and an enigmatic Rb-poor high 8 7Sr/ 8 6Sr component that contains
approximately 6-96% juvenile felsic component. The Hjertevatn gneiss
would thus appear to be an injection gneiss.
Filfjell Complex Matrix Schist:
There are several aspects of the Sm-Nd mineral-whole rock system of
sample FF-12 that deserve mention. The first is that the whole rock Sm
and Nd concentrations (101 ppm Nd, 18 ppm Sm) exceeds the concentration
of Sm and Nd in all of the minerals (Nd: 8-44 ppm, Sm: 1.5-7.4 ppm). All
of the modally abundant phases are depleted in both Sm and Nd relative
to the whole rock. This implies that the whole rock REE budget is
controlled by minor phases, most likely sphene and apatite. Due to their
fine grain size, these phases are difficult to seperate and may
contaminate the mineral seperates of the modally abundant phases. The
relatively high Sm and Nd concentrations and 14 7Sm/ 14 4Nd ratios of the
muscovite and plagioclase + quartz seperates probably reflect
contamination of the seperate by fine-grained apatite.
The low 14 7 Sm/ 1 4 4 Nd ratio of the garnet seperate is anomalous.
Igneous trace-element partition coeficients between garnet, plagioclase
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and mica indicate that garnet would be greatly enriched in Sm relative
to both plagioclse and mica. Generally the temperature dependence of
partition coeficients is such that phases partition elements more
strongly at lower temperature. One therefore might expect metamorphic
garnets to partition the REE more strongly than igneous garnets.
However, this does not appear to be the case. The Sm/Nd ratio of garnet
is lower than that of any other phase.
This is a disappointing result, because the expected high Sm/Nd ratio
of garnet would have constrained a Sm/Nd isochron. The only explanation
is that the igneous garnets for which partition coeficients have been
determined are pyrope-rich garnets while the garnet in FF-12 is an
almandine-grossular rich garnet. The molar volume of almandine-grossular
garnets is considerably larger than that of pyrope garnets. The
structure of the larger almandine-grossular garnets may more easily
accommodate the larger light REE and therefore not fractionate the REE
as effectively.
Using the whole rock data for FF-12, a Sm/Nd model age can be
calculated by projecting the present-day 1 4 3Nd/ 14 4 Nd ratio back along an
evolution line until it intersects the Bulk Earth evolution line. The
Bulk Earth evolution of the Sm/Nd system is well constrained from
meteorite studies (present-day Bulk Earth: 14 3Nd/ 14 4Nd=0.512622±9,
14 7Sm/1 4 4Nd=0.1967±2; calculated from the values given by: Allegre et
al.,1979; Depaolo and Wasserburg, 1976; Jacobsen and Wasserburg; 1979
with 14 6Nd/1 4 4Nd normalized to 0.7218). These Bulk Earth values result
in a model age of 1644±71 m.y. for the matrix schist of the Filfjell
complex.
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This model age represents the time that the REE system of FF-12
seperated from the Bulk Earth REE system. FF-12 is a metasedimentary
rock, but the REE system of sediments does not seperate from the Bulk
Earth system at the time of deposition of the sediments, but rather at
the time of crystallization of the crystalline source terrain for the
sediments. The model age of 1644 m.y. represents the crustal residence
time or a sort of average age for the crystalline source terrain of the
sediments rather than the age of deposition of the sediments.
An age for the crystalline source terrain for the sediments of
1644±71 m.y. is significant as this age overlaps with the ages of
crystallization of the Rombak-Sjangeli and Tysfjord granites (Gunner,
1981; Andresson and Tull, in prep.). These granites have formed the
crystalline basement of the Sitas area since the Proterozoic. Thus the
sedimentary rocks that form the matrix for the Filfjell melange complex
were eroded from a Precambrian crystalline source terrain of
approximately the same age as Baltoscandinavian basement onto which they
were later thrust. This could imply proximity between the subduction
system in which the Filfjell melange formed and the margin of the
Baltoscandinavian craton. It must be pointed out, however, that rocks
of this age are also present in other parts of the North Atlantic
region.
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CHAPTER 6: TRACE ELEMENT GEOCHEMISTRY OF MAFIC ROCKS FROM THE MARKO
COMPLEX
Introduction:
The Marko complex is a tectonic melange composed of fault-bounded
lenses of mafic rocks in a matrix of pelitic to psammitic gneisses. The
mafic lenses range in size from pods less than I m across to the Marko
gabbro, a gabbro sheet with a structural thickness >0.5 km thick that
crops out over more than 10 km2 . The mafic lenses are lithologically
heterogeneous and include: 1) fine-grained massive plagioclase +
hornblende + epidote amphibolites in which pillows are present locally;
2) garnet-hornblende amphibolites; 3) the Geittind amphibolite, a large
sheet of coarse grained plagioclase + hornblende + clinozoisite
amphibolite that has been intruded by several generations of thin
diabase dikes; and 4) the Marko gabbro, a large layered olivine
2-pyroxene gabbro sheet.
Eight samples of mafic rocks from the Marko complex (5 samples of the
Marko gabbro, 1 sample of a diabase dike that intrudes the Marko gabbro
and 2 samples of the fine-grained massive (volcanic?) amphibolite) were
analysed for trace elements (Table 6-1) in order to answer the following
questions: 1) Can all of the mafic rocks have been derived from a
single volcanic/plutonic source, or were mafic rocks from a variety of
sources imbricated in the Marko complex? and, 2) In what tectonic
environment(s) did the mafic rocks of the Marko complex form?
Sample Description:
Five of the samples (MT-ll,16,17,18,23) were collected from the Marko
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gabbro, an olivine-rich layered olivine 2-pyroxene gabbro. A primary
igneous foliation defined by variations in the olivine/pyroxene ratio
and the planar alignment of plagioclase laths is present in the Marko
gabbro. Assuming this foliation represents cumulate layering and thus a
paleohorizontal, the original thickness of the body from which the Marko
gabbro was derived is estimated to be greater than 2.5 km. The Marko
gabbro samples are relatively fresh. Only along grain boundaries and
fractures has olivine been partially altered to serpentine + magnetite.
Rarely, plagioclase has been partially sericitized and orthopyroxene has
been partially altered to actinolite. One sample (MT-6) was collected
from a 0.5 m thick diabase dike that cuts the Marko gabbro. The igneous
mineralogy of this dike has been altered to an amphibolite facies
assemblage of plagioclase + hornblende + biotite + quartz. Two samples
(MT-3, 22) were collected from fine-grained massive amphibolites
composed of hornblende + epidote + biotite + plagioclase + quartz. All
samples have undergone an amphibolite facies metamorphism (see Chapter
4). The preservation of the igneous mineralogy in the Marko gabbro is
remarkable.
Analytical Techniques:
Only samples that appeared unweathered and fresh in the field were
collected. However, due to the inclement weather during sample
collection, some of the samples contained weathered material and/or
fractures. The weathered material and fractures were removed with a
diamond saw. The samples were then crushed in a steel jaw crusher and
pulverized in an agate shatterbox. A split of the resulting powder was
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irradiated and analysed by Instrumental Neutron Activation at M.I.T. The
samples were counted at 5, 8, 15, and 30 days after irradiation. Sm and
U were analysed during the 5-day count, Ba, Rb, Zr, La, Yb, and Lu after
8 days, Ce and Nd after 15 days, and Sc, Co, Cr, Ta, Hf, Th, Eu, and Tb
after 30 days.
Results:
The analyses are presented in Table 6-1. A chondrite normalized REE
plot of the data is shown in Figure 6-1. On this figure, four of the 5
Marko gabbro samples (MT-16, 17, 18, 23) have REE patterns characterized
by low REE concentrations (1-3 times chondrites), positive Eu anomalies,
and overall light REE enrichment trends. One sample of the Marko gabbro
(MT-ll) and the sample of the dike that cuts the Marko gabbro (MT-6)
have different REE patterns. These patterns are characterized by higher
REE concentrations (10-80 times chondrites), no Eu anomalies, and
overall light REE enrichment trends. The 2 samples of the massive
fine-grained (volcanic?) amphibolites have REE patterns characterized
by moderate REE concentrations (approximately 10 times chondrites), no
Eu anomalies and overall light REE depletion trends.
The mineralogical layering, plagioclase foliation, low REE
concentrations, and positive Eu anomaly of the Marko gabbro samples all
indicate that the gabbro formed by crystal accumulation. This implies
that the samples of the Marko gabbro that were analysed may not
represent compositions that were once liquids. However, the dike that
cuts the Marko gabbro may be a feeder dike for the gabbro and could
represent the liquid from which the gabbro crystallized. In order to
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TABLE 6-1: I.N.A.A. TRACE-ELEMENT ANALYSES
OF MAFIC0 RCKS FROM THE MARKO COMPLEX (p.p.m.)
MT-3 MT-6 MT-il MT-16 MT-17 MT-18 MT-22 MT-23 Cumulate*
Cs - 0.8 1.0 - - - - - -
Rb - 49 29 - -
Ba - 228 123 - - - 18 - -
Th - 7.4 3.12 - 0.06 - 0.24 - -
U - 2 0.9 - - -
Ta - 0.77 0.29 - - - 0.22 - -
Hf 1.59 6.81 2.89 0.13 0.10 0.10 2.39 0.31 -
Zr - 260 - - - - 170 - -
La 1.40 25.74 13.66 0.89 0.69 0.81 3.26 1.09 0.33
Ce 6.55 66.4 29.1 1.89 1.59 1.85 12.3 2.86 0.88
Nd 6.37 35.2 13.9 1.19 0.85 0.97 9.7 1.81 0.60
Sm 2.28 7.86 3.22 0.33 0.26 0.26 3.16 0.60 0.18
Eu 1.03 2.14 0.98 0.35 0.25 0.29 1.21 0.31 0.069
Tb 0.68 1.22 0.53 0.10 0.039 0.018 0.68 0.09 0.047
Yb 2.40 5.11 2.06 0.24 0.23 0.22 2.79 0.59 0.20
Lu 0.37 0.74 0.31 0.045 0.037 0.046 0.42 0.099 0.034
Cr 272 2.9 199 184 256 86 326 1444 -
Co 69 29 30 51 82 94 34 - -
Sc 44 30 34 10 10 7.7 39 -
* Hypothetical cumulate formed by fractionation of 33% plagioclase,
13% clinopyroxene, and 54% olivine from MT-6 using the TE partition
coefficients in Table 6-2
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Figure 6-1: Chondrite normalized REE plot. Key to symbols: circles -
Marko gabbro; x - fine grained massive amphibolites;
stars - hypothetical cumulate (33% plag, 13% cpx, 54% ol)
fractionated from MT-6.
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test this idea, the REE concentrations in a crystal cumulate of olivine,
clinopyroxene and plagioclase in the proportions of a typical Marko
gabbro sample (33% plag., 13%cpx, 54% oliv.) were calculated using the
REE partition coeficients in Table 6-2. The REE concentrations (Table
6-1) and the REE pattern (Figure 6-1) of this hypothetical cumulate are
in the range of those analyzed from the Marko gabbro. This supports the
idea that the Marko gabbro was derived by fractional crystallization
from a liquid with a composition similar to that of the dike which cuts
the gabbro.
In contrast, the light REE depleted patterns of the fine-grained
massive (volcanic?) amphibolites cannot be related to the light REE
enriched patterns of the Marko gabbro by either fractional
crystallization or partial melting processes. The light REE enriched
Marko gabbro must have come from a different source than the light REE
depleted fine-grained amphibolites. It therefore appears that mafic
rocks from at least 2 geochemically distinct sources have been
incorporated into the Marko complex.
In an attempt to determine the tectonic provenance of these 2
sources, the 4 samples that might represent liquid compositions (MT-3,
6, 11, 22) have been plotted on a "spider" diagram (Figure 6-2). In the
manner of Wood et al. (1979) and Tarney et al. (1980), this diagram is
arranged such that valence increases and ionic radius decreases towards
the right. The normalization factors for this diagram are given along
the abscissa of Figure 6-2. For comparison, the patterns for average
N-type MORB, average OIB and average arcs have been plotted. On this
"spider" diagram, MORB is characterized by a relatively smooth pattern
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TABLE 6-2: REE MINERAL-MELT PARTITION COEFICIENTS
Plagioclasel Clinopyroxene 2  Olivine2
La 0.109 0.02 0.0005
Ce 0.085 0.04 0.0008
Nd 0.084 0.09 0.0013
Sm 0.065 0.14 0.0019
Eu 0.30 0.16 0.0019
Tb 0.050 0.19 0.0020
Yb 0.031 0.20 0.0040
Lu 0.031 0.19 0.0048
1 From Drake and Weill (1975), except Eu which is estimated from Drake
(1975) at f02= 1 0-7.
2 From Frey et al. (1978), set 1.
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Figure 6-2: Incompatible trace element concentrations of mafic rocks
from the Marko complex. Normalization factors shown
along the abscissa. Average N-type MORB from Wood et al.
(1979, 1980). Average OIB from BVSP (1981) and Leeman et
al. (1980), except for Cs, Rb, Ba and La which were
calculated using average K concentration and average
incompatible trace element ratios for OIB given in Morris
and Hart (1983). Average arcs from BVSP except Ta which
was calculated by comparison with BVSP Nb data.
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that increases from left to right, while OIB is characterized by a
relatively smooth pattern that first increases and then decreases from
left to right. Arcs are characterized by patterns with a overall
negative slope that typically shows large negative Ta and smaller
negative Hf anomalies.
The 2 samples of fine-grained (volcanic?) amphibolite (MT-3, 22)
have smooth patterns that increase from left to right indicating
derivation from a MORB-like source. The Marko gabbro samples (MT-6, 11)
have patterns that decrease overall from left to right. In addition, the
Marko gabbro samples have large negative Ta and smaller negative Hf
anomalies. The light REE enriched character of the Marko gabbro
indicates derivation from either an OIB-like or an arc-like source. The
negative Ta and Hf anomalies of the Marko gabbro samples strongly
indicates that the Marko gabbro was derived from an arc-like source.
In addition, arc basalts tend to have higher Rb/La, Cs/La and Ba/La
ratios than do OIB (Morris and Hart, 1983). The Rb/La and Cs/La ratios
of the Marko gabbro are within the range of arc Rb/La and Cs/La and do
not overlap the range of OIB Rb/La and Ca/La ratios. The Ba/La ratio of
the Marko gabbro is lower than that of typical arc basalts. Although
this may be of significance, the poor quality of INAA Ba analyses makes
the low Ba/La ratio difficult to interpret.
Conclusions:
The trace-elememt geochemistry of the mafic rocks in the Marko
complex indicates that rocks from two geochemically distinct sources
were brought together during the formation of the Marko complex melange.
The massive fine-grained amphibolites, some of which were volcanic
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rocks, have a trace-element signature that indicates derivation from a
light REE depleted MORB-like source. The Marko gabbro has a
trace-element signature that indicates that it was derived from a light
REE enriched arc-like source.
The geographical relationship between these 2 chemically distinct
sources is not known. It is possible that the Marko gabbro represents an
arc built on MORB-like oceanic crust, or that the MORB-like volcanics
were extruded in a back-arc basin that cut the Marko gabbro arc. If this
the case, the juxtaposition of chemically distinct mafic rocks in the
Marko complex does not imply large translations between the mafic rocks
during the formation of the Marko complex melange. Other possible
scenarios could require the two rock types to be derived from widely
separated sources.
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CHAPTER 7. REGIONAL TECTONICS
Introduction:
The Sitas area is in a unique position within the Caledonian orogen.
Situated on the south side of the Rombak window, several kms of
structural relief are exposed. The modest southwest dips of the
Frostisen and Mereftasfjell thrusts result in exposure of large areas of
both the autochthonous basement of the Rombak window and the
continentally derived Storrit complex. The discordance between early
structures in the Langvatn assemblage allochthon and the Mereftasfjell
thrust results in exposure of several kms of structural relief within the
Langvatn assemblage. The Sitas area is therefore an ideal area in which
to study both the tectonostratigraphy of the Langvatn assemblage and the
nature of basement deformation associated with the emplacement of the
Langvatn assemblage allochthon.
Accretionary Complex Tectonics of the Langvatn Assemblage:
In the Sitas area, distinct mappable units of tectonic melange have
been recognized within the Langvatn assemblage. These melanges contain
blocks or lenses of carbonate, mafic and ultramafic rocks in a matrix of
quartz-rich psammite. The compositions of the lenses indicates
derivation from an oceanic rather than a continental source. Although
the tectonic lenses are typically rather small (m's to 2.5 km), rocks
representative of an entire oceanic crustal section are present.
Ultramafic rocks are present in both the Raudvatn and Filfjell complexes.
Cumulate gabbros, a fragment of a sheeted dike complex and pillowed
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volcanics are present in the Marko complex. Carbonate-rich sediments are
present in the Raudvatn and Filfjell complexes.
Preliminary trace-element geochemistry of mafic rocks from the Marko
complex (Chapter 6) indicates that the mafic rocks were derived from at
least 2 geochemically distinct sources: one with a MORB-like light REE
depleted trace-element signature, and another with an arc-like light REE
enriched trace-element signature. Although the tectonic lenses represent
lithologies that could be derived by disruption of a simple oceanic
crustal section, the lack of geochemical homogeneity among the few
samples analyzed suggests that the lenses were derived from more than one
oceanic section.
The quartz-rich psammites that comprise the matrix of the melanges is
not oceanic in character. The high quartz + muscovite content of the
schists and psammites in the melange matrix indicates a high quartz +
feldspar content prior to metamorphism. This suggests proximity to a
continental mass during deposition of the melange matrix. None of the
cherty rocks that characterize a pelagic environment are present in the
matrix of the melanges. In addition, a Sm/Nd whole-rock model age
(Chapter 5) from the matrix of the Filfjell complex yielded an age of
1644 ± 71 m.y. This age is interpreted to represent the crustal
residence time of the source area for the melange matrix. The overlap of
this age with ages from the granitic gneisses that comprise the
pre-Caledonian basement at this latitude suggests that the matrix may
contain sediments eroded from cratonal Baltoscandinavia. However, ~1700
m.y. granites from which the matrix could have been derived are not
uncommon in other cratonal regions around the north Atlantic.
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The tectonic juxtaposition of continentally derived clastic rocks and
oceanic crystalline rocks commonly occurs in modern fore-arc accretionary
complexes. Lithotectonic asemblages similar to parts of the Langvatn
assemblage are seen where young accretionary complexes are exposed on
islands such as Barbados (Speed and Larue, 1982), Nias (Moore and Karig,
1980), and Taiwan (Page and Suppe, 1981). On these islands terrigenous
flyschoid sediments are tectonically interleaved with varying amounts of
oceanic sedimentary, mafic volcanic and ultramafic rocks. Tectonic
lenses in modern accretionary complexes range in size from <lm to
ophiolite slabs >10's of kms long, but lenses approximately the size of
those in the Langvatn assemblage (< m's to 2.5 km) are quite common. The
lithological and structural similarities between modern accretionary
prisms and the Langvatn assemblage suggest that the Langvatn assemblage
is an accretionary complex that has been metamorphosed to amphibolite
facies (Crowley, 1983).
Blueschist facies metamorphism (high P, low T) is common in modern
accretionary complexes. While the "peak" pressure of ~9.5 kbars
estimated for the Langvatn assemblage is comparable to the pressures
estimated for young blueschists, the "peak" temperature of 700*C is
several hundred degrees higher than temperatures estimated from young
blueschists. If the metamorphism and emplacement of the accretionary
complex are related, this would suggest that the Langvatn assemblage
remained at a deep crustal level for several 10's of m.y. before
significant uplift occurred.
Thermal models of overthrusts and subduction zones (e.g., Oxburgh and
Turcott, 1974; England and Richardson, 1977) show that the subduction or
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crustal-scale thrusting depresses the geotherm near the subduction or
thrust zone. Depression of the geotherm results in the blueschist facies
metamorphism commonly found in subduction complexes. However, with time
this depressed geotherm decays back towards a higher steady-state
geotherm, so that if a subduction or thrust zone remains at depth long
enough, amphibolite facies metamorphism can result. For any reasonable
choice of thermal parameters, little uplift can occur for 20 m.y.
(England and Richardson, 1977) to obtain amphibolite facies metamorphism
at the base of the crust.
The relationship between the subduction zone behind which the
Langvatn assemblage was formed and the paleomargin of Baltoscandinavia is
unclear because the stacking of the Langvatn assemblage (Dl) predates its
0
emplacement onto Baltoscandinavia along the Forsa thrust (D2 ). Although
the boundary marked by the Langvatn assemblage may never have affected
Baltoscandinavia, it appears to be laterally extensive and may represent
an important zone along which oceanic material was consumed in the
Caledonides.
Regional Nappe Correlation:
Regional correlation of the Langvatn assemblage is complicated by the
lack of laterally persistent horizons on which correlations can be based.
However, the marbles and schists of the Salangen Group which overlies the
Langvatn assemblage (Narvik Group) appear to be laterally persistent.
Nicholson and Rutland (1969) correlated the Salangen Group with the
Fauske Marble Group, approximately 150 km south of the Sitas area.
Lithological similarities between the two groups suggest that the
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correlation is reasonable. This would suggest correlation of the
Langvatn assemblage with the Sulitjelma-Furulund sequence that underlies
the Fauske Marble Group.
Kautsky (1953) divided the Sulitjelma-Furulund sequence into 4
nappes: the Gasak, Salo, Vasten and Peiske nappes. The lithologies of
the middle two nappes, the Vasten and Salo nappes, are correlative so the
two nappes shall be considered as a single nappe complex for regional
correlation purposes. Foslie (1942) mapped portions of the
Sulitjelma-Furulund sequence and recognized both the Reppi schist and a
0 0
garnet-hornblende garbenschist (Rapetjakka hornblende schist equivalent?)
within the Vasten-Salo nappe. In addition, both Foslie (1942) and
Kautsky (1953) mapped numerous serpentinite and amphibolite bodies within
the Vasten-Salo nappe, and Foslie found the Vasten-Salo contact marked by
"several serpentine bosses and a considerable plate of serpentine." It
seems reasonable to correlate the Langvatn assemblage with the
Vasten-Salo nappe and to consider the Vasten-Salo nappe to be a southern
continuation of the Langvatn assemblage accretionary complex.
Although this correlation may seem reasonable, it raises several
problems. Nicholson and Rutland (1969), Nicholson (1974) and Boyle et
al. (1979, 1981) have mapped portions of the Sulitjelma area and have
reinterpreted Kautsky's nappe boundaries. In particular, Nicholson and
Rutland (1969) divided the sequence into an upper Gasak nappe and a lower
Sulitjelma amphibolite and Furulund sequence, placing the base of the
Gasak nappe above the Sulitjelma amphibolite, within the Vasten nappe.
0 0
This places the Reppi and Rapetjakka hornblende schist-like parts of the
Vasten nappe within the Furulund Group and the melange-like parts of the
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Vasten nappe within the Gasak nappe.
Boyle et al. (1979, 1981) recognized an overturned but intact
ophiolite sequence which comprises the Sulitjelma gabbro of the Gasak
nappe and parts of the Sulitjelma amphibolite. They considered the
Furulund sequence to be overturned but in depositional contact with the
Sulitjelma ophiolite. If this is the case, it is significant as the
fossil-bearing Furulund sequence places timing constraints on the
emplacement of the Sulitjelma ophiolite. The low-grade portion of the
Furulund sequence has yielded Caradocian to lower Silurian fossils
(Wilson, 1970). If the Furulund sequence is conformable with the
Sulitjelma ophiolite, this dates the emplacement of the ophiolite as
being post-lower Silurian.
Although problems exist in the interpretation of the geology of the
Sulitjelma area, I would correlate the Langvatn assemblage with the rocks
in Kautsky's (1953) Vasten-Salo nappe. It seems significant that the
melange-like portion of the Vasten nappe is at approximately the same
level as the structural base of the overturned Sultijelma ophiolite. The
Vasten nappe therefore may represent an accretionary prism formed during
the obduction of the Sulitjelma ophiolite. Boyle et al.'s (1979)
assertion that the Furulund sequence is in overturned depositional
contact with the Sulitjelma sequence not withstanding, regional
considerations require a tectonic contact between the Furulund sequence
and the structurally overlying Vasten-Salo sequence. The Furulund
sequence thins to the north with units truncated along the Vasten
Furulund contact and disappears ~30 km south of the Sitas area (Kulling,
1982).
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The lateral continuity of the Reppi schist within the Langvatn
assemblage is striking. In contrast to the generally discontinuous
nature of other units in the Langvatn assemblage, the Reppi schist
appears to be continuous for more than 100 km, from north of Sitas to the
Sulitjelma area (Foslie, 1941; 1942). Such continuity would not be
expected within an accretionary prism, and may indicate that the Reppi
schist is an overlap deposit on the Langvatn accretionary prism. If this
is the case, the Reppi schist within the Sitas area is overturned as the
basal contact of the Reppi schist must be tectonic because it does not
project from the southwest to the northeast limb of the Baugefjell
antiform.
Correlation of the Langvatn assemblage to the north of the Sitas area
is rather tenuous and has been discussed by Hodges (in press). He
correlated the Salangen Group with the Balsfjord Group (Binns and
Matthews, 1981) in the Lyngen area and correlated the Langvatn assemblage
with parts of the underlying Ullsfjord nappe complex (Binns, 1978). The
Ullsfjord nappe complex contains the Lyngen gabbro which appears to be a
dismembered ophiolite (Boyd and Minsaas, in prep.) obducted during the
Finnmarkian orogeny (Minsaas and Sturt, 1981). The Balsfjord Group
contains Llandoverian fossils (Bjorlykke and Olaussen, 1981) and is
metamorphosed to a lower grade than the lower part of the Ullsfjord nappe
complex, suggesting that the base of the Balsfjord Group is a
post-Finnmarkian, pre-Scandian unconformity.
These correlations are supported by the lithological similarities of
the Salangen and Balsfjord Groups and by the presence of tectonically
emplaced oceanic rocks in both the Langvatn assemblage and the Ullsfjord
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complex, but they cause several problems. Although a metamorphic break
occurs at the base of the Balsfjord Group there does not appear to be one
at the base of the Salangen Group (Steltenpohl and Bartley, in press).
In addition, both the Langvatn assemblage and Salangen Group contain D2
to D5 structures and fabrics demonstrating that the Langvatn assemblage
and Salangen Group were together prior to the D2 emplacement of the
Langvatn assemblage onto Baltoscandinavia (Hodges, in press).
Correlations with the Lyngen area and the lack of a structural or
metamorphic break at the base of the Salangen Group would suggest a
Scandian age for D2 and later deformations in the Sitas area, but could
suggest a Finnmarkian age for the Dl stacking of the Langvatn assemblage.
Basement Deformation During Mid-Crustal Emplacement of an Oceanic
Allochthon:
A variety of structures within the Storrit and Basement complexes
formed during emplacement of the Langvatn assemblage allochthon. These
structures provide direct evidence of the way that continental basement
rocks deform during the emplacement of an oceanic allochthon at an
intermediate crustal level (>15 km). The Storrit complex is an
imbricated and metamorphosed equivalent of the Basement complex and its
Dividal Group sedimentary cover, so any discussion about basement
deformation must also include a discussion of the deformation within the
Storrit complex.
The Storrit complex appears to be a duplex of phyllonitic schists and
slices of granitic and quartzitic mylonites that formed beneath the
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Langvatn assemblage allochthon with the Mereftasfjell thrust as its roof
thrust and the Frostisen thrust as its sole thrust. Although sheets of
mylonitized granitic basement are present, the Storrit complex is
dominated by equivalents of the Dividal Group sedimentary cover. In
general, the basement mylonite sheets are relatively thin; no single
sheet is thicker than 0.5 km. The granitic mylonites in the Storrit
complex are commonly in contact with quartzitic mylonites. Locally, this
contact can be demonstrated to be depositional. If the contact is
generally depositional, this suggests that the Storrit granite sheets
were derived from only the uppermost level of the crystalline basement,
immediately below the Dividal Group.
Below the Frostisen thrust, within the Basement complex, little
Caledonian deformation is observed. A mylonite zone less than 1 m thick
marks the Frostisen thrust, and thin anastomosing shear zones are present
within the Rombak-Sjangeli granite gneiss for 100-200 m below the thrust.
Other than that, the crystalline basement appears only mildly affected by
Caledonian deformation. The emplacement of the Langvatn assemblage
allochthon does not appear to have deformed the crystalline Basement
complex penetratively. Where autochthonous sedimentary cover has been
preserved beneath the Frostisen thrust (Tutturjaure, Plate 3), the
meta-sedimentary rocks have been folded, thrust and penetratively
cleaved, but more than 100-200 m below the base of the Dividal Group, the
crystalline basement is mostly undeformed.
This suggests that the crystalline basement acted as a rigid block
during the emplacement of the Langvatn assemblage allochthon. The
autochthonous sedimentry cover and the uppermost portion of crystalline
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basement were imbricated to form the Storrit complex and transported
towards the foreland but the bulk of the crystalline basement acted as a
rigid block during Caledonian deformation. The continental basement
therefore deformed in "thick skinned" rigid blocks bounded by major fault
zones such as the Frostisen-Mereftasfjell thrusts.
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Appendix 1:
Representative Microprobe Mineral Analyses
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Representative
FF-2(a)
(rim)
SiO 2  36.34
A1203 21.47
Mgo 2.55
FeO 30.67
MnO 2.92
CaO 5.41
TOTAL 99.36
Langvatn
FF-2(a)
(core)
36.31
21.81
2.01
30.19
3.76
6.20
100.28
Assemblage Garnet
FF-2(b) FF-2(b)
(rim) (core)
37.29 37.77
21.89 21.54
2.54 1.55
32.47 29.11
1.81 6.05
5.59 6.18
101.59 102.20
Microprobe Analyses
FF-11(a) FF-11(a) FF-11(b)
(rim) (core) (rim)
37.41 37.50 36.94
21.03 20.71 21.11
3.44 2.17 3.58
33.50 26.03 33.20
0.82 8.90 0.51
4.09 4.96 4.19
100.29 100.27 99.53
Formula
2.920
2.066
0.241
2.030
0.256
0.534
8.047
0.663
0.079
0.084
0.174
normalized to 12
2.949 2.982
2.040 2.004
0.300 0.182
2.147 1.922
0.121 0.405
0.474 0.522
8.031 8.017
0.706
0.099
0.040
0.156
0.634
0.060
0.134
0.172
0.894 0.877 0.913 0.845 0.870 0.838
Si
Al
Mg
Fe
Mn
Ca
Total
Xalm
xpy
xsp
Xgr
2.939
2.047
0.308
2.075
0.200
0.467
8.038
0.680
0.101
0.066
0.153
oxygens
2.989
1.980
0.409
2.239
0.055
0.350
8.022
0.733
0.134
0.018
0.115
3.011
1.959
0.259
1.748
0.605
0.427
8.009
0.575
0.085
0.199
0.141
2.970
2.000
0.429
2.233
0.035
0.361
8.028
0.730
0.140
0.011
0.118
Fe/Fe+Mg 0.871
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Representative Langvatn Assemblage Garnet Microprobe Analyses
FF-12 FF-12 RP-25(a) RP-25(b) RP(25(b) RP-31(a) RP-31(a)
(rim) (core) (rim) (rim) (core) (rim) (core)
SiO 2  37.58 37.92 37.71 37.79 37.61 37.29 37.38
A120 3  21.98 21.38 21.06 21.42 21.24 21.39 21.25
MgO 3.49 1.17 2.99 3.00 2.38 2.65 2.53
FeO 28.72 23.63 29.49 29.37 27.56 30.25 29.57
MnO 1.16 7.60 3.32 4.44 6.37 1.70 2.51
CaO 7.05 8.65 5.37 5.34 5.50 6.75 6.40
TOTAL 99.98 100.35 99.94 101.36 100.65 100.03 99.64
Formula normalized to 12 oxygens
Si 2.971 3.017 3.010 2.984 2.996 2.977 2.994
Al 2.048 2.004 1.981 1.993 1.994 2.013 2.006
Mg 0.411 0.138 0.346 0.354 0.282 0.315 0.302
Fe 1.899 1.572 1.969 1.940 1.836 2.020 1.981
Mn 0.078 0.512 0.224 0.297 0.430 0.115 0.171
Ca 0.598 0.737 0.459 0.451 0.469 0.577 0.549
TOTAL 8.005 7.980 7.989 8.019 8.007 8.017 8.003
Xalm 0.636 0.531 0.657 0.638 0.609 0.667 0.660
Xpy 0.138 0.047 0.115 0.116 0.093 0.104 0.101
Xsp 0.026 0.173 0.075 0.098 0.143 0.038 0.057
Xgr 0.200 0.249 0.153 0.148 0.155 0.191 0.183
0.919 0.846 0.845 0.866 0.865 0.868Fe/Fe+Mg 0.822
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Representative Langvatn Assemblage Garnet Microprobe Analyses
RP-31(b) RP-36(a)
(rim) (rim)
RP-36(b)
(rim)
GT-5(a) GT-5(a) GT-25(a) GT-25(a)
(rim) (core) (core) (rim)
37.46 38.08 37.58 36.69 37.04 37.99 37.31
21.38 21.59 20.64 21.60 21.82 22.11 21.91
2.90 3.04 3.48 3.07 3.73 5.53 4.41
30.84 26.57 27.35 34.24 37.11 33.95 35.52
1.52
6.03
6.95
4.63
6.24
4.44
0.49
3.91
0.41
1.24
0.88
1.00
0.54
1.12
TOTAL 100.13 100.86 99.73 100.00 101.35 101.46 100.81
Formula normalized to 12 oxygens
Si 2.985 3.006 3.012 2.947 2.945 2.969 2.959
Al 2.008 2.009 1.949 2.047 2.045 2.037 2.048
M 0.344 0.358 0.416 0.367 0.442 0.644 0.521
2.056 1.745 1.833 2.301 2.467 2.219 2.356
0.103 0.471 0.423 0.033 0.028 0.058 0.036
0.515 0.392 0.380 0.336 0.106 0.084 0.095
8.011 7.990 8.013 8.031 8.033 8.01 8.015
0.681 0.590 0.601 0.758 0.811 0.738 0.783
0.114 0.128 0.136 0.121 0.145 0.214 0.173
0.034 0.158 0.139 0.011 0.009 0.019 0.012
0.171 0.132 0.125 0.111 0.035 0.028 0.032
0.830 0.815 0.862 0.848 0.775 0.819
Si02
A1203
MgO
FeO
MnO
CaO
TOTAL
Xalm
Xpy
xsp
Xgr
Fe/Fe+Mg 0.857
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Representative Langvatn Assemblage Garnet Microprobe Analyses
GT-25( b) GT-28( a) GT-28( a) GT-28( b) MJ-22( a) MJ-22( b) MJ-22( b)
(rim) (core) (rim) (rim) (rim) (core) (rim)
Si0 2  37.44 37.97 37.96 37.52 37.70 37.72 
37.86
A190 3  21.75 21.45 20.90 21.45 20.94 21.17 20.82
MgO 4.54 5.64 4.46 4.62 5.25 5.40 4.77
FeO 35.62 33.64 34.80 34.69 34.67 34.22 34.84
MnO 0.39 1.15 1.13 0.68 0.47 1.10 0.47
CaO 1.11 0.69 0.93 1.10 1.47 1.26 1.72
TOTAL 100.85 100.81 100.18 100.15 100.50 100.87 100.48
Formula normalized to 12 oxygens
Si 2.967 2.990 3.025 2.986 2.992 2.982 3.009
Al 2.032 1.990 1.963 2.021 1.958 1.972 1.950
Mg 0.536 0.662 0.530 0.548 0.621 0.636 0.565
Fe 2.361 2.215 2.320 2.309 2.301 2.262 2.316
Mn 0.026 0.076 0.076 0.046 0.032 0.073 0.031
Ca 0.094 0.081 0.080 0.094 0.125 0.106 0.146
TOTAL 8.016 8.014 7.994 8.004 8.029 8.031 8.017
Xalm 0.783 0.730 0.772 0.770 0.747 0.735 0.757
Xpy 0.178 0.218 0.176 0.183 0.202 0.207 0.185
Xsp 0.009 0.025 0.025 0.015 0.010 0.024 0.010
Xgr 0.031 0.027 0.027 0.031 0.041 0.034 0.048
0.808 0.787 0.781 0.8040.770 0.814Fe/Fe+Mg 0.815
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Representative Langvatn Assemblage Garnet Microprobe Analyses
MJ-23(a) MJ-23(a) MJ-23(b) MJ-23(b)
(core) (rim) (core) (rim)
SiO 2  37.79 35.94 36.54 37.49
A1203  22.24 21.80 22.07 21.69
MgO 5.97 3.78 5.82 4.89
FeO 34.37 36.48 33.53 34.46
MnO 0.56 0.74 1.07 0.61
Cao 0.92 1.16 1.06 1.15
TOTAL 101.85 99.90 100.09 100.29
Formula normalized to 12 oxygens
Si 2.945 2.905 2.907 2.975
Al 2.042 2.077 2.069 2.029
Mg 0.694 0.455 0.690 0.579
Fe 2.240 2.466 2.231 2.287
Mn 0.037 0.051 0.072 0.041
Ca 0.077 0.101 0.090 0.098
TOTAL 8.035 8.055 8.059 8.009
Xalm 0.735 0.802 0.724 0.761
Xpy 0.228 0.148 0.224 0.193
Xsp 0.012 0.017 0.023 0.014
Xgr 0.025 0.033 0.029 0.033
Fe/Fe+Mg 0.763 0.844 0.764 0.798
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Representative Langvatn Assemblage Biotite Microprobe Analyses
FF-2(a) FF-2(b) FF-1l(a) FF-11(b) FF-12 RP-25(a) RP-25(b)
37.91
17.09
1.70
10.90
18.83
0.12
0.00
0.03
9.59
35.34
18.09
1.59
10.84
18.79
0.11
0.00
0.07
9.73
36.05
18.40
1.28
12.00
16.72
0.10
0.03
0.20
8.93
35.31
18.48
1.18
11.89
16.51
0.09
0.09
0.05
8.38
34.67
17.82
1.57
12.35
15.58
0.08
0.07
0.34
9.04
36.63
17.97
1.41
11.24
18.56
0.04
0.04
0.06
9.06
96.17 94.56 93.71 91.98 91.52 95.01
36.72
17.22
1.59
11.59
18.26
0.06
0.04
0.05
9.15
94.68
Formula normalized to 22 oxygens (anhydrous)
5.680 5.426 5.492 5.464 5.414 5.544 5.580
2.320 2.574 2.508 2.536 2.586 2.456 2.420
0.697
0.192
2.435
2.359
0.015
0.699
0.184
2.480
2.412
0.014
0.795
0.147
2.724
2.130
0.012
0.835
0.138
2.743
2.137
0.011
0.693
0.185
2.875
2.034
0.011
0.750
0.160
2.537
2.349
0.006
0.663
0.181
2.625
2.320
0.008
5.698 5.789 5.808 5.864 5.798 5.802 5.797
0.000
0.010
1.834
0.000
0.022
1.905
0.005
0.058
1.735
0.015
0.014
1.669
0.012
0.102
1.801
0.007
0.019
1.749
0.006
0.014
1.773
1.844 1.927 1.798 1.685 1.915 1.775 1.793
TOTAL 15.542 15.716 15.606 15.549 15.713 15.577 15.590
Fe/Fe+Mg 0.492 0.493 0.439 0.437 0.414 0.481 0.469
Na/Na+K 0.005 0.011 0.032 0.008 0.053 0.011 0.008
SiO 2
A12 03
TiO 2
MgO
FeO
MnO
Cao
Na9O
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
EAlk
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Representative Langvatn Assemblage Biotite Microprobe Analyses
RP-31(a) RP-31(b) RP-36(a) RP-36(b) GT-5(a) GT-5(b) GT-25(a)
35.60 35.08 36.35 36.39 35.46 35.51 35.48
18.34 17.51 17.40 17.25 18.83 17.69 18.94
1.10 1.68 1.29 1.51 1.58 1.55 1.43
11.60 12.18 10.63 11.45 9.47 9.93 12.12
17.71 18.64 18.60 18.56 19.54 19.61 15.65
0.01 0.05 0.19 0.16 0.08 0.07 0.01
0.07
0.16
8.42
0.05
0.15
8.15
0.05
0.09
8.94
0.06
0.08
8.71
0.01
0.15
8.43
0.10
0.15
8.61
0.04
0.26
8.99
Si0 2
Al203
TiO 2
MgO
FeO
MnO
CaO
Na9o
K90
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
Zvi
0.011
0.046
1.653
0.008
0.043
1.601
0.008
0.028
1.757
0.009
0.022
1.698
0.002
0.046
1.658
0.016
0.046
1.707
0.006
0.076
1.754
1.710 1.652 1.793 1.729 1.706 1.769 1.836
TOTAL 15.583 15.635 15.563 15.571 15.489 15.561 15.613
Fe/Fe+Mg 0.461 0.462 0.496 0.476 0.537 0.526 0.420
Na/Na+K 0.027 0.026 0.016 0.013 0.027 0.026 0.041
93.01 93.49 93.54 94.17 93.55 93.22 92.92
Formula normalized to 22 oxygens (anhydrous)
5.477 5.405 5.599 5.561 5.470 5.516 5.428
2.523 2.595 2.401 2.439 2.530 2.484 2.572
0.803 0.584 0.758 0.668 0.893 0.754 0.843
0.128 0.195 0.150 0.173 0.183 0.181 0.165
2.661 2.797 2.440 2.608 2.177 2.299 2.765
2.279 2.401 2.397 2.372 2.520 2.548 2.003
0.002 0.006 0.025 0.021 0.010 0.010 0.001
5.873 5.983 5.770 5.842 5.783 5.792 5.777
ZAlk
210
Representative Langvatn Assemblage Muscovite Microprobe Analyses
FF-2(a) FF-2(b) FF-11(a) FF-11(b) FF-12
47.11
31.97
0.27
1.32
2.01
0.00
0.00
0.46
43.22
32.63
0.60
1.08
2.09
0.00
0.00
0.53
9.91 10.36
93.05 90.51
46.28
31.74
0.22
1.22
3.40
0.00
0.01
1.75
8.17
RP-25(a) RP-25(b)
46.67 45.92 47.07 45.69
33.01 33.28 33.95 32.94
0.21 0.48 0.17 0.36
1.11 1.29 1.05 1.36
2.50 1.57 1.93 2.68
0.00 0.01 0.00 0.00
0.02 0.02 0.01 0.05
1.27 0.91 0.45 0.47
9.14 9.81 10.11 10.18
92.79 93.93 93.29 94.76 93.73
Formula normalized to 22 oxygens (anhydrous)
6.415
1.585
6.114 6.341 6.305 6.244 6.296 6.228
1.886 1.659 1.695 1.756 1.704 1.772
3.547 3.555 3.465 3.561 3.577 3.645
0.028 0.064 0.023 0.021 0.049 0.017
0.268 0.228 0.249 0.223 0.261 0.210
0.228 0.248 0.389 0.283 0.179 0.216
0.000 0.000 0.000 0.000 0.001 0.000
3.519
0.037
0.276
0.305
0.000
4.071 4.095 4.126
0.000
0.121
1.721
0.000
0.146
1.869
0.001
0.466
1.428
4.088 4.067 4.088 4.137
0.003
0.333
1.576
1.842 2.015 1.895 1.912
0.003
0.240
1.702
0.002
0.117
1.724
0.007
0.123
1.770
1.945 1.843 1.900
TOTAL 13.913 14.110 14.021
Fe/Fe+Mg 0.460
14.000 14.012 13.931 14.037
0.521 0.610 0.559 0.407 0.507 0.525
Na/Na+K 0.066 0.072 0.246
Xpheng 0.244 0.232 0.309
0.174 0.123 0.063 0.065
0.248 0.217 0.208 0.281
Xpheng= 2x(Mg+Fe+Mn)/Zvi
SiO 2
A1203
Ti 02
MgO
FeO
MnO
CaO
Na2O
K20
TOTAL
Si
Al iv
Alvi
Ti
Mg
Fe
Mn
Zvi
EAlk
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Representative Langvatn Assemblage Biotite Microprobe Analyses
GT-25(b) GT-28(a) GT-28(b) MJ-22(a) MJ-22(b) MJ-23(a) MJ-23(b)
36.92
19.50
1.52
12.19
15.90
0.00
0.03
0.36
8.90
37.92
20.51
1.30
10.58
15.11
0.03
0.05
0.44
9.04
36.21
18.40
1.36
12.50
16.51
0.05
0.02
0.28
9.04
36.50
18.96
1.28
12.73
15.76
0.00
0.03
0.29
7.54
37.20
18.64
1.53
12.88
15.64
0.00
0.02
0.31
8.21
36.48
20.31
0.30
12.51
17.09
0.00
0.00
0.26
8.17
37.14
18.57
1.53
13.57
14.54
0.00
0.19
0.43
8.55
Si 02
A10 3
TiO 2
MgO
FeO
MnO
CaO
Na2 0
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
0.897
0.170
2.698
1.974
0.001
1.185
0.145
2.333
1.869
0.004
0.752
0.155
2.817
2.087
0.006
0.884
0.145
2.865
1.990
0.000
0.826
0.171
2.864
1.953
0.000
0.999
0.033
2.777
2.129
0.000
0.782
0.171
3.009
1.810
0.000
5.740 5.536 5.817 5.884 5.814 5.938 5.772
0.005
0.103
1.686
0.008
0.126
1.705
0.003
0.082
1.742
0.005
0.086
1.451
0.000
0.090
1.563
0.000
0.075
1.551
0.031
0.124
1.623
EAlk 1.794 1.839 1.827 1.542 1.653 1.626 1.778
TOTAL 15.534 15.375 15.644 15.426 15.467 15.564 15.550
Fe/Fe+Mg 0.423 0.445 0.426 0.410 0.405 0.434 0.376
Na/Na+K 0.061 0.069 0.045 0.056 0.054 0.046 0.070
95.32 94.98 94.37 93.09 94.41 95.12 94.52
Formula normalized to 22 oxygens (anhydrous)
5.484 5.609 5.473 5.510 5.549 5.434 5.526
2.516 2.391 2.527 2.490 2.451 2.566 2.474
Evi
212
Representative Langvatn Assemblage Muscovite Microprobe Analyses
RP-31(a) RP-31(b) RP-36(a) RP-36)b) GT-5(a)
48.10
33.19
0.40
1.49
1.64
0.00
0.03
0.98
9.06
45.38 45.71
31.03 31.72
0.32
1.49
3.91
0.00
0.04
0.40
9.51
0.28
1.00
3.41
0.00
0.03
0.67
9.54
GT-5(b) GT-25(a)
45.89 46.64 46.01
33.07 32.55 34.47
0.84 0.68 0.61
1.19 1.44 1.07
1.91 1.89 1.36
0.00 0.00 0.00
0.05 0.02 0.01
0.84 0.80 1.32
8.84 9.12 9.42
92.83 94.89 92.08 92.36 92.63 93.14 94.27
Formula normalized to 22 oxygens (anhydrous)
6.292 6.382 6.315 6.325 6.255 6.326 6.175
1.708 1.618 1.685 1.675 1.745 1.674 1.825
Si02
A1203
TiO
Mgo
FeO
MnO
CaO
NaO
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
Zvi
3.405 3.497 3.568 3.536
0.034 0.029 0.087 0.069
0.308 0.207 0.242 0.291
0.455 0.394 0.217 0.214
0.000 0.000 0.000 0.000
3.628
0.062
0.214
0.153
0.000
4.091 4.088 4.202 4.127 4.114 4.110 4.057
0.004
0.252
1.553
0.006
0.109
1.688
0.001
0.179
1.683
0.007
0.222
1.537
0.003
0.211
1.578
0.001
0.344
1.613
EAlk 1.790 1.809 1.803
TOTAL 13.881 13.897 14.005
Fe/Fe+Mg 0.486
Na/Na+K 0.113
0.382
1.863 1.766 1.792 1.958
13.990 13.880 13.902 14.015
0.656 0.473 0.424 0.417
0.139 0.060 0.096 0.126 0.118 0.176
0.194 0.233 0.363 0.291 0.112 0.123 0.181
46.31
33.48
0.39
1.01
1.70
0.00
0.04
0.77
9.13
3.571
0.040
0.295
0.182
0.000
3.654
0.040
0.204
0.193
0.000
0.005
0.202
1.583
Xpheng
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Representative Langvatn Assemblage Muscovite Microprobe Analyses
GT-25(b) GT-28(a) GT-28(b) MJ-22(a) MJ-22(b) MJ-23(a)
46.73 45.66 46.41 47.34
32.79 33.67 32.39 33.69
0.76 0.72 0.99 0.67
1.12
1.96
0.03
0.03
1.23
9.71
0.86
1.73
0.02
0.05
1.25
9.47
1.40
1.42
0.00
0.00
1.28
9.05
1.18
1.27
0.00
0.00
1.28
9.15
47.15
34.60
0.89
1.03
1.40
0.00
0.00
1.31
8.95
1 94.36 93.43 92.94 94.58 95.33
Formula normalized to 22 oxygens (anhydrous)
6.200 6.295
1.800 1.705
3.620
0.064
0.211
0.159
0.000
3.501
0.077
0.225
0.221
0.003
4.054 4.027
0.003
0.349
1.588
0.004
0.320
1.669
6.202 6.308 6.306 6.230
1.798 1.692 1.694 1.770
3.592
0.073
0.174
0.197
0.002
3.497
0.101
0.284
0.162
0.00
3.595
0.067
0.235
0.141
0.00
3.618
0.089
0.204
0.154
0.000
4.038 4.044 4.038 4.065
0.008
0.330
1.640
0.000
0.338
1.569
0.000
0.329
1.555
0.000
0.336
1.508
EAlk 1.940 1.993
TOTAL 13.994 14.020 1
Fe/Fe+Mg 0.430 0.496
Na/Na+K 0.180 0.161
1.978 1.907 1.884 1.844
4.016 13.951 13.922 13.909
0.531 0.363 0.375 0.430
0.167 0.177 0.175 0.182
0.223 0.185 0.221
Si02
A12 03
Ti0 2
MgO
FeO
MnO
CaO
Na2 0
K2 0
TOTAL
46.45
34.45
0.64
1.06
1.42
0.00
0.02
1.35
9.32
94.7
Si
Al iv
Alvi
Ti
Mg
Fe
Mn
Evi
Xpheng 0.183 0.186 0.176
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Representative Langvatn Assemblage Plagioclase Microprobe Analyses
FF-2(a) FF-2(a)
(rim) (core)
FF-2(b) FF-11 FF-12 FF-12
(rim) (core)
62.63 62.15 63.61 63.76 59.51 59.41 62.72
23.28 24.58 23.08 22.78 23.93 24.39 23.58
0.29
4.76
8.86
0.09
0.21
5.54
8.17
0.11
0.30
4.25
9.05
0.09
0.08
3.87
9.39
0.08
0.11
5.77
8.09
0.10
0.13
6.10
7.99
0.09
0.13
4.77
9.04
0.11
99.91 100.76 100.38 99.96 97.51 98.11 100.35
Formula normalized to 8 oxygens
2.777 2.734
1.217 1.274
0.011 0.008
2.801 2.816 2.712 2.695 2.769
1.198 1.185 1.285 1.304 1.227
0.011 0.003 0.004 0.005 0.005
0.226 0.261 0.201 0.183 0.282 0.297 0.226
0.762 0.697 0.772 0.804 0.715 0.702 0.774
0.005 0.006 0.005 0.005 0.006 0.005 0.006
4.998 4.980 4.988 4.996 5.004 5.008 5.007
0.228 0.271 0.206 0.184 0.281 0.296 0.225
0.767 0.723 0.789 0.810 0.713 0.700 0.769
0.005 0.006 0.005 0.005 0.006 0.005 0.006
*Total Fe as FeO
RP-25( a)
Si 02
Al203
FeO*
CaO
Na2 0
K2 0
TOTAL
Fe+3
TOTAL
Xan
Xab
Xor
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Representative Langvatn Assemblage Plagioclase Microprobe Analyses
RP-25(b) RP-31(a) RP-31(b) RP-36(a) RP-36(b) RP-36(c) RP-36(c)
(rim) (core)
61.62 61.74 61.76 64.99 68.83 68.18 67.50
23.48 23.40 23.35 22.76 19.63 19.30 19.16
0.18
5.09
8.66
0.08
0.25
4.91
8.81
0.06
0.25
3.93
9.82
0.07
0.22
0.30
0.15
0.59
0.05
0.42
11.57 11.28 11.52
0.07 0.10 0.07
99.08 99.15 99.14 101.82 100.62 99.60 98.72
Formula normalized to 8 oxygens
2.758 2.761 2.763 2.823 2.991 2.993 2.990
1.238 1.233 1.231 1.165 1.005 0.999 1.000
0.007 0.007 0.009 0.009 0.008 0.006 0.002
0.238 0.244 0.235 0.183 0.014 0.028 0.020
0.757 0.750 0.764 0.827 0.975 0.960 0.990
0.006 0.005 0.004 0.004 0.004 0.008 0.004
5.004 5.000 5.006 5.011 4.997 4.994 5.006
0.238 0.244 0.234 0.180 0.014 0.028 0.020
0.756 0.751 0.762 0.816 0.982 0.964 0.976
0.006 0.005 0.004 0.004 0.004 0.008 0.004
*Total Fe as FeO
SiO 2
Al20 3
FeO*
CaO
Na2O
K20
0.19
4.95
8.73
0.11
TOTAL
Fe+3
TOTAL
Xan
Xab
Xor
216
Representative Langvatn Assemblage Plagioclase Microprobe Analyses
RP-36(d) RP-36(d)
(rim) (core)
62.39
22.15
0.12
3.83
9.40
0.10
97.99
2.815
1.178
0.005
0.185
0.822
0.006
Si0 2
A120 3
FeO*
CaO
Na20
K2 0
TOTAL
Si
Al
Fe+3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total
63.03
22.25
0.20
3.87
9.56
0.12
99.03
Formula
2.816
1.172
0.007
0.185
0.828
0.007
GT-5(a) GT-5(b) GT-5(b) GT-25(a) GT-28(a)
(rim) (core)
61.59
23.65
0.27
4.70
8.81
0.09
99.11
normal
2.755
1.249
0.010
0.225
0.764
0.005
62.33
23.66
0.38
4.83
8.95
0.06
100.21
ized to 8
2.760
1.235
0.014
0.229
0.769
0.004
63.91
22.38
0.11
3.28
9.61
0.11
99.40
oxygens
2.835
1.170
0.004
0.156
0.826
0.004
65.17
21.63
0.01
2.33
10.05
0.09
99.28
2.882
1.127
0.001
0.111
0.862
0.005
(rim)
66.97
21.05
0.14
1.49
10.42
0.08
100.15
2.927
1.084
0.005
0.070
0.884
0.004
5.015 5.008 5.011 4.995 4.988 4.974
0.181
0.812
0.007
0.226
0.769
0.005
0.229
0.767
0.004
0.158
0.838
0.004
0.113
0.881
0.005
0.073
0.923
0.004
5.011
0.183
0.811
0.006
Fe as FeO
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Representative Langvatn Assemblage Plagioclase Microprobe Analyses
GT-28(c) MJ-22(a) MJ-22(a) MJ-22(b) MJ-23(a)
(rim) (core) (rim) (core) (rim)
66.00
20.94
0.19
1.73
10.58
0.09
99.53
2.912
1.089
0.007
0.082
0.905
0.005
65.25
21.48
0.13
2.36
10.35
0.08
99.65
Formula
2.881
1.118
0.005
0.111
0.886
0.005
SiO2
A1203
FeO*
CaO
Na 2 0
K2 0
TOTAL
Si
Al
Fe+ 3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total
0.083
0.912
0.111
0.884
65.69
20.76
0.28
1.87
10.63
0.07
99.30
normali
2.909
1.084
0.010
0.089
0.913
0.004
63.96
21.63
0.00
2.81
10.10
0.07
98.57
zed to 8
2.858
1.139
0.000
0.135
0.875
0.004
64.72
21.24
0.18
2.39
10.29
0.10
98.92
oxygens
2.880
1.114
0.007
0.114
0.888
0.006
65.25
20.73
0.16
1.97
10.35
0.08
98.54
2.908
1.089
0.006
0.094
0.894
0.004
(core)
66.16
21.49
0.04
2.17
10.58
0.09
100.53
2.893
1.107
0.001
0.101
0.897
0.005
5.009 5.011 5.009 4.995 5.004
0.088
0.908
0.133
0.863
0.113
0.881
0.095
0.901
0.101
0.894
0.005 0.005 0.004 0.004 0.006 0.004 0.005
Fe as FeO
GT-28(b) GT-28(c)
5.000 5.006
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Representative Langvatn Assemblage
MJ-23(a) MJ-23(b) MJ-23(b)
(rim) (core) (rim)
Plagioclase Microprobe Analyses
68.03 65.64
19.55 21.80
0.06 0.26
0.26 2.48
11.66 10.43
0.05 0.07
99.61 100.68
Formula normalized to 8 oxygens
2.986 2.872
1.011 1.124
0.002 0.010
0.012 0.116
0.992 0.885
0.003 0.004
4.997 5.006 5.011
0.012
0.985
0.003
0.115
0.881
0.004
67.69
21.31
0.02
1.79
10.87
0.07
101.75
2.918
1.083
0.001
0.082
0.909
0.004
Si02
A190 3
FeO*
CaO
Na20O
K2 0
TOTAL
Si
Al
Fe+3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total Fe
0.082
0.914
0.004
as FeO
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Representative Storrit Complex Garnet Microprobe Analyses
RP-4(a) RP-4(a) RP-4(b) RP-17(a) RP-17(a) RP-17(b) RP-20
(core) (rim) (rim) (core) (rim) (rim) (rim)
Si0 2  36.28 37.21 37.49 37.35 37.86 38.45 37.53
A12 03  20.68 20.79 20.97 21.41 21.51 21.39 21.18
MgO 1.04 1.30 1.23 1.10 1.66 1.50 1.55
FeO 25.59 26.30 26.37 26.18 30.71 29.89 27.96
MnO 7.56 6.11 6.31 9.17 3.82 4.89 3.99
CaO 7.27 7.88 7.87 5.46 5.49 5.41 7.17
TOTAL 98.51 99.59 100.24 100.67 101.05 101.53 99.38
Formula normalized to 12 oxygens
Si 2.974 3.003 3.005 2.993 3.008 3.037 3.017
Al 1.998 1.977 1.981 2.022 2.014 1.991 2.007
Mg 0.127 0.156 0.147 0.131 0.197 0.177 0.186
Fe 1.754 1.775 1.768 1.755 2.040 1.974 1.880
Mn 0.531 0.417 0.428 0.622 0.257 0.327 0.272
Ca 0.639 0.681 0.676 0.468 0.467 0.458 0.618
Total 8.023 8.009 8.005 7.991 7.983 7.964 7.980
Xalm 0.575 0.586 0.586 0.590 0.689 0.672 0.636
Xpy 0.042 0.052 0.049 0.044 0.067 0.060 0.063
Xsp 0.174 0.138 0.142 0.209 0.087 0.111 0.092
Xgr 0.209 0.225 0.224 0.157 0.158 0.156 0.209
0.919 0.923 0.931 0.912 0.918 0.910Fe/Fe+Mg 0.932
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Representative Storrit Complex Garnet
RP-22(a) RP-22(a) RP-22(b) RP-24
(core) (rim) (rim) (core)
37.08 37.29 37.43 37.22
20.89 21.15 19.94 20.46
1.68 1.53 1.63 1.56
18.86 26.98 26.24 26.36
16.08 6.06 6.68 11.78
5.29 7.11 7.32 2.89
99.88 100.12 99.24 100.27
SiO 2
A120 3
MgO
FeO
MnO
CaO
TOTAL
Si
Al
Mg
Fe
Mn
Ca
Total
Xalm
xpy
xsp
Xgr
normalized to 12
3.035 3.017
1.906 1.954
0.197 0.188
1.779 1.787
0.459 0.809
0.636 0.251
8.012 8.006
0.579
0.064
0.149
0.207
0.589
0.062
0.267
0.083
Microprobe Analyses
RP-24 RP-34 RP-34
(rim) (core) (rim)
37.92 37.11 37.31
20.57 20.24 20.82
1.15 1.41 1.47
26.25 31.98 32.44
5.97 7.14 6.71
9.19 2.37 2.14
101.05 100.25 100.89
oxygens
3.018
1.930
0.136
1.747
0.403
0.784
8.018
0.567
0.044
0.131
0.255
3.020
1.942
0.172
2.177
0.207
0.492
8.010
0.714
0.056
0.068
0.161
3.010
1.980
0.177
2.189
0.185
0.459
8.000
0.727
0.059
0.061
0.152
0.905 0.928 0.927 0.925
Formula
2.992
2.000
0.183
1.811
0.412
0.611
8.009
0.600
0.061
0.137
0.203
2.993
1.987
0.202
1.273
1.099
0.458
8.012
0.420
0.067
0.362
0.151
Fe/Fe+Mg 0.863 0.908 0.900
221
Representative Storrit Complex Garnet Microprobe Analyses
FF-3
(rim)
36.01
20.52
1.75
29.54
4.70
5.93
98.45
Formula normalized to 12 oxygens
2.961
1.989
0.214
2.031
0.327
0.522
8.044
0.656
0.069
0.106
0.169
Fe/Fe+Mg 0.905
Si02
A12 03
MgO
FeO
MnO
CaO
TOTAL
Total
Xalm
xpy
xsp
Xgr
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Representative Storrit Complex Biotite Microprobe Analyses
RP-4(a) RP-4(b) RP-17(a) RP-17(b) RP-20 RP-22(a) RP-22(b)
36.02 35.92 36.79 37.81 35.13 36.58 36.04
16.78 18.01 18.79 18.56 17.97 17.46 17.37
1.55 0.66 1.27 1.44 1.33 1.55 1.43
9.49 9.55 9.59 9.77 9.90 10.73 11.41
21.12 20.67 20.25 20.49 19.29 18.10 18.19
0.21 0.22 0.21 0.22 0.15 0.26 0.25
0.07 0.07 0.03 0.07 0.03 0.02 0.03
0.04 0.00 0.16 0.17 0.00 0.32 0.06
9.10 9.55 8.74 8.94 9.27 9.13 9.85
94.38 94.65 95.83 97.47 93.07 94.15 93.73
Formula normalized to 22 oxygens (anhydrous)
5.617 5.544 5.576 5.635 5.481 5.594 5.539
2.383 2.456 2.424 2.365 2.519 2.406 2.461
SiO 2
A1203
TiO2
MgO
FeO
MnO
CaO
Na2 0
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
0.820 0.933 0.896 0.786 0.741
0.076 0.090 0.101 0.156 0.178
2.196 2.167 2.170 2.305 2.445
2.668 2.567 2.554 2.517 2.314
0.685
0.163
2.614
2.338
0.029 0.027 0.028 0.020 0.034 0.033
5.803 5.789 5.784 5.749 5.784 5.712 5.833
0.012
0.013
1.810
0.011 0.004 0.011 0.005 0.004 0.005
0.000 0.046 0.050 0.000 0.095 0.019
1.880 1.689 1.700 1.846 1.782 1.754
1.835 1.891 1.739 1.761
TOTAL 15.638 15.680 15.523 15.510 15.635 15.593 15.611
Fe/Fe+Mg 0.555 0.549 0.542 0.541 0.522 0.486 0.472
Na/Na+K 0.007 0.000 0.026 0.029
0.701
0.114
2.205
2.755
0.028
Evi
EAlk 1.851 1.881 1.778
0.000 0.051 0.011
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Representative Storrit Complex Biotite Microprobe Analyses
RP-24 RP-34 FF-3
36.48
17.14
1.53
10.01
19.45
0.21
0.04
0.16
8.27
36.37
17.85
1.60
10.24
19.73
0.19
0.05
0.00
9.16
35.16
18.42
1.51
10.91
18.92
0.16
0.00
0.10
9.18
RJ-3
33.88
16.68
2.77
3.14
29.00
0.13
0.00
0.00
9.67
SiO2
A12 0 3
TiO2
MgO
FeO
MnO
CaO
Na20
K2 0
TOTAL
Si
Al iv
Alvi
Ti
Mg
Fe
Mn
0.757
0.178
2.304
2.513
0.028
0.740
0.183
2.323
2.512
0.024
0.729
0.174
2.497
2.428
0.021
0.621
0.336
0.753
3.906
0.017
5.780 5.782 5.849 5.633
0.007
0.048
1.629
0.007
0.001
1.778
0.000
0.029
1.798
0.000
0.000
1.986
EAlk 1.684 1.786 1.827 1.986
TOTAL 15.464 15.568 15.676 15.617
Fe/Fe+Mg 0.522 0.520 0.493 0.838
Na/Na+K 0.029 0.001 0.016 0.000
93.29 95.19 94.36 95.27
Formula normalized to 22 oxygens (anhydrous)
5.636 5.537 5.397 5.456
2.364 2.463 2.603 2.544
Evi
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Representative Storrit Complex Muscovite Microprobe Analyses
RP-4(a) RP-4(b) RP-17(a) RP-17(b) RP-20 RP-22(a) RP-22(b)
46.95 47.25 48.38 49.01
32.51 30.70 34.87 34.17
0.29 0.10 0.27 0.35
1.18
2.32
0.00
0.01
0.47
1.48
2.82
0.00
0.02
0.37
10.13 10.42
0.86
1.60
0.00
0.00
0.74
9.69
93.86 93.16 96.41
1.06
1.53
0.00
0.01
0.57
9.69
45.72
34.51
0.27
0.96
1.81
0.00
0.02
0.50
9.43
47.31
33.78
0.41
1.15
47.19
32.87
0.35
1.11
1.15 1.28
0.00 0.00
0.01 0.01
0.59 0.57
9.21 10.16
96.39 93.22 93.60 93.54
Formula normalized to 22 oxygens (anhydrous)
6.365 6.476 6.328 6.404 6.196 6.344 6.377
1.635 1.524 1.672 1.596 1.804 1.656 1.623
3.435
0.010
0.302
0.323
0.000
3.704 3.667 3.708 3.682 3.611
0.017 0.021 0.028 0.041 0.036
0.167 0.206 0.195 0.230 0.224
0.176 0.167 0.205 0.129 0.145
0.000 0.000 0.000 0.000 0.000
4.079 4.070 4.064 4.061 4.136 4.082 4.016
0.003
0.099
1.823
0.001
0.188
1.618
0.001
0.145
1.615
0.003
0.132
1.631
0.001
0.153
1.575
0.002
0.149
1.752
EAlk 1.878 1.925 1.807 1.761
TOTAL 13.957 1
Fe/Fe+Mg 0.524
Na/Na+K 0.071
Xpheng 0.245
3.995
1.766 1.729 1.903
13.871 13.822 13.902 13.811 13.919
0.517 0.513 0.448 0.513 0.359 0.393
0.051 0.104 0.082 0.075 0.088 0.078
0.307 0.169 0.184 0.193 0.176 0.184
Xpheng= 2 x(Mg+Fe+Mn)/Zvi
Si0 2
A12 03
T10 2
MgO
FeO
MnO
CaO
Na2 0
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
3.559
0.018
0.239
0.263
0.000
Evi
0.002
0.124
1.752
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Representative Storrit Complex Muscovite Microprobe Analyses
RP-24 RP-34 FF-3 RJ-3
47.05 48.01 46.99
33.21 32.10 31.15
0.35
1.06
1.61
0.00
0.01
0.35
1.81
1.81
0.01
0.00
0.42
0.96
3.90
0.00
0.00
0.56 0.53 0.15
9.77 10.09 11.29
93.59 93.61 94.71 94.86
Formula normalized to 22 oxygens (anhydrous)
6.332 6.349 6.422 6.393
1.668 1.651 1.578 1.607
3.668
0.025
0.194
0.192
0.000
3.630
0.035
0.213
0.182
0.000
3.482
0.036
0.361
0.202
0.001
4.079 4.060 4.081
0.000
0.190
1.602
0.002
0.147
1.682
0.000
0.138
1.721
3.388
0.043
0.194
0.444
0.000
4.069
0.000
0.040
1.969
1.792 1.831 1.859 2.009
13.871 13.891 13.941 14.078
Fe/Fe+Mg 0.497 0.461 0.359 0.696
Na/Na+K 0.106 0.080 0.074 0.020
Xpheng 0.189 0.195 0.276 0.314
Xpheng=2x(Mg+Fe+Mn)/Evi
Sio?
A1203
TiO 2
MgO
FeO
MnO
CaO
NaO
K2 0
TOTAL
47.01
33.62
0.24
0.97
1.70
0.00
0.00
0.73
9.32
Si
Al iv
Alvi
Ti
Mg
Fe
Mn
Evi
EAlk
TOTAL
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Representative Storrit Complex Plagioclase Microprobe Analys
RP-4(a) RP-4(b) RP-4(c) RP-17(a) RP-17(b) RP-20
61.62
23.88
0.28
5.92
8.51
0.11
100.32
Formula
2.733
1.249
0.010
0.281
0.732
0.006
(incl.
in gt.)
65.98
20.26
0.26
1.19
11.19
0.06
98.94
65.49
23.79
0.07
4.62
9.54
0.11
103.62
58.82
24.29
0.20
6.47
8.09
0.10
97.97
2.680
1.304
0.007
0.316
0.715
0.006
SiO 2
A12 03
FeO*
CaO
Na 2 0
K2 0
TOTAL
Si
Al
Fe+3
Ca
Na
K
TOTAL
0.276
0.718
0.056
0.940
65.19
24.19
0.23
5.00
9.30
0.09
104.00
oxygens
2.777
1.215
0.008
0.228
0.768
0.005
61.88
23.21
0.22
5.24
8.57
0.09
99.21
2.766
1.223
0.008
0.251
0.743
0.005
es
RP-22(a)
61.67
23.43
0.18
5.06
8.66
0.07
99.07
2.760
1.235
0.007
0.243
0.751
0.004
5.003 5.001 4.996 5.000
0.210
0.785
0.228
0.767
0.251
0.744
0.243
0.753
0.006 0.004 0.006 0.005 0.005 0.004
normalized to 8
2.930 2.796
1.060 1.197
0.010 0.003
0.057 0.211
0.963 0.790
0.004 0.006
5.028 5.011 5.024
Xan
Xab
0.305
0.689
Xor
*Total
0.006
Fe as FeO
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Representative Storrit Complex Plagioclase Microprobe Analyses
RP-22(b) RP-24
Si0 2
A12 0 3
FeO*
CaO
Na 2 0
K2 0
TOTAL
Si
Al
Fe+3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total Fe
61.48
23.11
0.11
5.04
8.45
0.10
98.29
2.770
1.227
0.004
0.243
0.738
0.006
63.48
22.74
0.34
3.97
9.76
0.14
100.43
Formula
2.802
1.183
0.013
0.188
0.835
0.008
FF- 3
(core)
60.68
23.37
0.20
4.80
8.98
0.10
98.13
FF-3
(rim)
59.40
24.54
0.24
6.41
8.00
0.10
98.69
normalized to 8
2.746 2.684
1.247 1.307
0.008 0.009
0.233 0.310
0.788 0.701
0.006 0.005
4.988 5.029 5.028 5.016
0.246
0.748
0.006
as FeO
0.182
0.810
0.227
0.767
0.305
0.690
0.008 0.006 0.005
oxygens
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Representative Rombak-Sjangeli Granite Biotite Microprobe Analyses
RP-8
33.15
15.20
2.08
2.68
30.81
0.26
0.05
0.02
8.95
RP-10
34.12
16.47
2.04
2.97
29.82
0.31
0.01
0.00
9.30
93.20 95.04
Formula normalized to 22 oxygens (anhydrous)
5.523 5.519
2.477 2.481
0.507
0.261
0.665
4.292
0.036
0.659
0.249
0.717
4.033
0.043
5.761 5.701
0.009
0.007
1.901
0.003
0.000
1.918
1.917 1.921
TOTAL 15.678 15.622
Fe/Fe+Mg 0.866 0.849
Na/Na+K 0.004 0.000
SiO 2
A12 03
TiO 2
MgO
FeO
MnO
CaO
Na2 0
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
Zvi
ZAlk
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Representative Rombak-Sjangeli Granite Muscovite Microprobe Analyses
RP-8 RP- 10
46.67 47.82
27.89 28.58
0.19
0.96
6.03
0.00
0.01
0.11
10.64
0.11
1.14
4.72
0.00
0.00
0.18
10.88
92.50 93.43
Formula normalized to 22 oxygens (anhydrous)
6.568 6.613
1.432 1.387
3.194
0.021
0.202
0.710
0.000
3.271
0.011
0.235
0.546
0.000
4.127 4.063
0.002
0.031
1.909
0.000
0.048
1.920
EAlk 1.942 1.968
TOTAL 14.069 14.031
Fe/Fe+Mg 0.779 0.699
Na/Na+K 0.016 0.024
Xpheng 0.442 0.384
xpheng=2x(Mg+Fe+Mn)/Evi
SiO 2
A1203
Ti0 2
MgO
FeO
MnO
CaO
Na 2 0
K2 0
TOTAL
Si
Aliv
Alvi
Ti
Mg
Fe
Mn
Evi
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Representative Rombak-Sjangeli Granite Plagioclase Microprobe Analyses
RP-8(a) RP-8(b) RP-8(c) RP-10(a) RP-10(b)
(matrix) (antip.) (perth.) (matrix) (perth.)
SiO 2
A12 03
FeO*
CaO
Na 2 0
K2 0
TOTAL
68.51
19.12
0.07
0.28
11.64
0.14
99.76
68.34
19.17
0.03
0.39
11.49
0.14
99.56
68.65
19.06
0.01
0.18
11.50
0.10
99.50
67.34
19.56
0.05
0.36
11.33
0.12
98.76
68.01
19.67
0.00
0.34
11.56
0.12
99.70
normalized to 8
3.011 2.981
0.985 1.020
0.001 0.002
0.009 0.017
0.978 0.972
0.006 0.007
5.003 4.997 4.990 4.999
0.009
0.985
0.006
0.017
0.976
0.007
oxygens
2.982
1.016
0.000
0.016
0.983
0.007
5.004
0.016
0.977
0.007
3.003
0.988
0.002
0.013
0.989
0.008
Formula
3.000
0.992
0.001
0.018
0.978
0.008
Si
Al
Fe+ 3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total Fe
0.013
0.979
0.008
as FeO
0.018
0.974
0.008
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Representative Rombak Sjangeli Granite Microcline Microprobe Analyses
RP-8(a)
(matrix)
62.79
17.69
0.06
0.08
0.39
15.82
97.01
3.002
0.994
0.003
0.004
0.036
0.962
RP-8(c)
(perth.)
63.76
17.95
0.00
0.08
0.49
15.66
97.94
RP-10(a
(ma trix
64.20
18.00
0.22
0.08
0.25
15.98
98.73
RP-8(b)
(antip.)
64.26
17.72
0.06
0.06
0.46
15.79
98.35
Formula
3.016
0.980
0.002
0.003
0.042
0.945
) RP-10(b)
) (perth.)
63.85
18.12
0.08
0.07
0.38
16.43
98.93
oxygens
2.993
1.001
0.003
0.004
0.035
0.983
SiC 2
A1203
FeO*
CaO
Na2 0
K2 0
TOTAL
Si
Al
F e+ 3
Ca
Na
K
TOTAL
Xan
Xab
Xor
*Total
normalized to 8
3.004 3.004
0.997 0.993
0.000 0.009
0.004 0.004
0.044 0.023
0.941 0.954
5.001 4.988 4.990 4.987 5.019
0.004 0.003 0.004 0.004 0.004
0.036 0.042 0.044 0.023 0.034
0.960 0.955 0.951 0.972 0.962
Fe as FeO
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APPENDIX 2
Choice of Pressure- and Temperature-Sensitive Reactions and Solution
Models:
A variety of temperature- and pressure-sensitive equilibria have been
proposed as geothermometers and geobarometers for pelitic rocks (for a
review see Ferry, 1980 or Hodges and Spear, 1982). For this study, the
temperature-sensitive Fe-Mg exchange equilibrium between garnet and
biotite: almandine + phlogopite = pyrope + annite (Ferry and Spear,
1978) was chosen as the geothermometer reaction. There are 2 reasons for
chosing this equilibrium: 1) the assemblage garnet + biotite is stable
in a wide range of bulk compositions that have been metamorphosed to
upper greenschist and amphibolite facies so the geothermometer can be
applied to most of the rock types present in the Sitas area, and 2) the
garnet-biotite equilibrium has been proven elsewhere (e.g. Ferry, 1980;
Piggage, 1982; Hodges and Spear, 1982; Crowley and Hodges, 1983) to be a
reliable and accurate geothermometer where re-equilibration has not
occurred during cooling.
The pressure-sensitive Ca-Al net-transfer equilibrium between garnet,
plagioclase, aluminosilicate and quartz:
grossular + 2 Al2SiO 5 + quartz = 3 anorthite
(Ghent, 1976; Ghent et al., 1979; Newton and Hazelton, 1981) appears to
be a reliable geobarometer and has yielded pressure estimates that are
consistent with other geological and petrological estimates (e.g. Ghent
et al., 1979, 1982; Ferry, 1980; Hodges and Spear, 1982; Pigage, 1982,
Crowley and Hodges, 1983). Although this equilibrium seems to be a
reliable and accurate geobarometer, it is limited to aluminous bulk
233
compositions, those in which an Al2Si0 5 polymorph is present.
Unfortunately, the only lithological unit in the Sitas area that is
Al2Si0 5 saturated is the Bauro gneiss. Therefore, the garnet
-plagioclase-aluminosilicate-quartz equilibrium is not a useful
geobarometer for this study.
A very similar Ca-Al net-transfer equilibrium between garnet,
biotite, muscovite, and plagioclase:
almandine + grossular + muscovite = 3 anorthite + annite
was suggested and a preliminary calibration was presented by Ghent and
Stout (1981). Although their calibration yielded reasonable pressure
estimates for their suite of 24 samples, the enthalpy and entropy (AH*
and AS*) of the end-member reaction calculated from their calibration
differ markedly from the AH* and AS* calculated from the end-member
thermochemical data tabulated by Helgeson et al. (1978).
The garnet-biotite-muscovite-plagioclase equilibrium was recently
emperically calibrated by Crowley and Hodges (1983). The end-member
enthalpy of this calibration differs somewhat from the end-member
enthalpy calculated from thermochemical data (Helgeson et al., 1978),
but the discrepancy is significantly less than that of the Ghent and
Stout calibration, while the end-member entropy is almost identical to
that calculated from the thermochemical data (Table A-1). Using the
garnet-biotite-muscovite-plagioclase equilibrium and the garnet
-plagioclase-aluminosilicate-quartz equilibrium, Crowley and Hodges
calculated pressures for 59 aluminosilicate-bearing samples. Pressures
calculated using these two equilibria differed on average by less than
200 bars.
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TABLE A-1
End member enthalpies (AH*) and entropies (AS*) for the equilibrium:
almandine + grossular + muscovite = 3 anorthite + annite
AH*(cal.) AS*(e.u.)
Helgeson et al. (1978) 28849 37.23
Ghent and Stout (1981) 4124 22.061
Crowley and Hodges (1983) 15487 37.231
Pressures and temperatures have been calculated by simultaneous
solution of the condition of heterogeneous equilibrium:
AG=AH*-TAS*+PAV*+RTln(Kpyl)=0 *
for the garnet-biotite and garnet-plagioclase-biotite-muscovite
equilibria.
* AG= free energy of reaction
AH*= standard state enthalpy of reaction
AS*= standard state entropy of reaction
AV*= standard state volume of reaction
P= pressure (bars)
T= temperature (*K)
KD= distribution coeficient
YD= activity coeficient
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The values of AH*, AS*, and AV* and the formulation of KD are given
below in Table A-2 for the garnet-biotite geothermometer and the
aluminosilicate absent garnet-plagioclase geobarometer.
TABLE A-2
THERMOCHEMICAL DATA FOR THE GEOTHERMO-BAROMETRY EQUILIBRIA
Garnet-biotite Garnet-plagioclase
(Ferry and Spear, 1978) (Crowley and Hodges, 1983)
AH* (cal) 12454 15487
AS* (e.u.) 4.662 37.231
AV* (cal/bar) 0.057 7.552
X3 X3 ann
X3phl X3alm
garnet:
biotite:
muscovite:
plagioclase:
X3an X3 ann
Xmu X3alm X3gr
Xalm= Fe/(Fe+Mg+Mn+Ca)
Xpy= Mg/(Fe+Mg+Mn+Ca)
Xgr= Ca/(Fe+Mg+Mn+Ca)
Xann= Fe/(Alvi+Ti+Fe+Mg+Mn)
Xphl= Mg/(Alvi+Ti+Fe+Mg+Mn)
Xmu= [K/(Ca+Na+K)] [Alvi/(Alvi+Ti+Mg+Fe+Mn)]2
Xan= Ca/(Ca+Na+K)
Solution Modeling:
Though the values of the activity coeficients (YD) are not well
known, there is good empirical and experimental evidence that most of
the phases analyzed depart significantly from ideal solution behavior
236
where y=l.
Numerous solvi exist in plagioclase at low temperature (e.g.
Goldsmith, 1982) demonstrating the non-ideal behavior of metamorphic
plagioclase. Many of the analysed plagioclases lie within the
compositional range of the peristerite gap (e.g. Maruyama et al., 1982)
indicating that the non-ideality of plagioclase cannot be ignored. The
existence of a solvus between muscovite and paragonite implies
non-ideality that cannot be ignored. Large excess partial molar volumes
have been demonstrated experimentally for binary almandine-grossular
(Cressy et al., 1978) and pyrope-grossular (Newton et al., 1977)
garnets. The excess molar volumes are largest for garnet compositions
with Xgr=0.00-0.30. This spans the range of analysed garnets and
therefore should be considered. Newton et al. (1977) and Ganguly and
Saxena (1984) have suggested the existence of significant excess partial
molar enthalpies and entropies for garnet components. The only phase
that appears to approximate ideal solution behavior is biotite (Mueller,
1972), although this has been questioned by Dallmeyer (1974).
In formulating activity coeficients, an attempt has been made to use
the most sophisticated solution models that presently available
experimental data allows. Biotite was assumed to be an ideal
annite-phlogopite solid solution (Yann=l). Because of the lack of data
on the phengite exchange, muscovite was considered to be an ideal
muscovite-celadonite solution, but was considered to be non-ideal along
the muscovite-paragonite join. The binary assymetric Margules solution
model of Chattergee and Froese (1975) was chosen to describe that
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non-ideality.
Garnet was considered to be a non-ideal quaternary symmetrical
almandine-pyrope-spesseratine-grossular solution (Ganguly and Kennedy,
1974). Because of the large excess partial molar volume along the
almandine-grossular and pyrope-grossular joins, the partial molar volume
of grossular was calculated using the formulation below as suggested by
Newton and Haselton (1981).
Formulation of the partial molar volume of grossular:
Vgr( 1YAI+YlAl)-(YiBi+Y 2B2)X2+(YiC+Y 2C2) [1+ZX2/(YlEl+Y 2E2 )[EXP( -Z2/2)]
X= 1-Xgr
1l= Xpy/(Xpy+Xalm)
Y2= Xalm/(Xpy+Xalm)
Z= [X-(YlDl+Y 2D2)]/(Y1 E1+Y 2E2)
Al= 125.24 A2= 125.24
Bl= -0.512 B2= -1.482
Cl= 0.418 C2 = 0.480
Dl= 0.94 D2 = 0.914
El= 0.083 E2= 0.066
A symetrical quaternary Margules formulation (Ganguly and Kennedy,
1974) leads to the following expressions for the activity coeficients
for the garnet components.
238
Formulation of Margules activity coeficients of garnet components:
RTlnypy= (WFeMg X2alm) + (WCaMg X2gr) + (WMgMn X2 sp )
+[(WCaMg-WCaFe+WFeMg) Xalm Xgr] + [(WCaMg-WCaMn+WMgMn) Xgr Xsp]
+[ (WFeMg-WFeMn+WMgMn) Xalm XspI
RTlnYalm= (WFeMg X2 y) + (WCaFe X2gr) +(WFeMn X2sp )
+[(WFeMg~WCaMg+WCaFe) Xpy XgrI + [(WCaFe-WCaMn+WFeMn) Xgr Xsp]
+[(WFeMg-WMgMn+WFeMn) Xpy XspI
RTInYgr (WFeCa X2alm) + (WCaMg X2py) + (CaMn X2 sp)
+[(WCaMg-WFeMg+WCaFe) Xalm Xpy] +
[(CaFe"WFeMn+WCaMn) Xsp Xalm] +[(WCaMn-WMnMg+WCaMg) Xsp Xpy]
Following Hodges and Spear (1982) the Fe-Mg, Fe-Ca, Fe-Mn, Mn-Ca,
and Mg-Mn exchanges have been considered to be ideal (WFeMg=WFeCa=WFeMn
WMnCa=WMgMn=O), but the Mg-Ca exchange was considered to be non-ideal
with WCaMg= 3300-1.5/T (Cressey et al., 1978). Ganguly and Saxena (1984)
found non-zero values for WFeMg and WFeCa modeling garnet as a ternary
almandine-pyrope-grossular solution. However, application of their
suggested values results in geologically unreasonable garnet-biotite
temperature estimates when applied to quaternary garnet solutions and
therefore has not been used.
The expressions for the activity coeficients simplify greatly by the
assumption that WCaMg is the only non-zero Margules coeficient. The
activity coeficients become:
lnypy= (3300-1.5/T)/RT Xgr(l-Xpy)
lnYalm= (3300-1.5/T)/RT (-Xpy Xgr)
InYgr= (3300-1.5/T)/RT Xpy(1-Xgr)
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The non-ideality of plagioclase is difficult to account for
adequately. Hodges and Spear (1982) were unable to calculate
geologically reasonable pressures for their Mt. Moosilauke data using
any of the statistical mechanical plagioclase models of Kerrick and
Darken (1975) and the solution calorimetry data of Newton et al. (1980).
They found that a value of Yan=1 *8 was consistent with their data. Since
Hodges and Spear's Mt. Moosilauke samples equilibrated at approximately
500*C, 3.7 kbars, Yan can be considered to be 1.8 at that temperature
and pressure. Orville (1972) on the basis of high temperature solution
calorimetry found that Yan=1. 2 7 6 at 700 0C, 2 kbars. Realizing that this
is a bit of an oversimplification, the pressure dependence on Yan has
been ignored and the data given above for Yan have been used to derive
the following polythermal expression for Yan:
Yan= exp(610.33/T -0.384).
This expression was derived by fitting a linear function in InYan and
l/T to the 2 points for which there was data for Yan-
Two-Feldspar Equilibrium:
The two-feldspar equilibrium has been investigated and calibrated by
several workers. In this study, the calibration of Whitney and Stormer
(1977) has been used. The primary reason for using this calibration
is that it is based on data for co-existing microcline and low-albite,
which are the most likely structural states for low-temperature
metamorphic feldspars. Whitney and Stormer gave temperature as the
following function of feldspar composition and pressure.
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mi mi mi
T(*K)=[7973.1 - 16910.6 Xab + 9901.9 X2ab + (0.11 - 0.22 Xab +
mi mi p1 mi
0.11 X2ab) P]/[-1.987 ln(Xab/Xab) + 6.48 - 21.58 Xab +
mi mi
23.72X2ab - 8.62 X3ab I-
mi
Xab= Na/Ca+Na+K in microcline
p1
Xab= Na/Ca+Na+K in plagioclase
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APPENDIX 3
Rb/Sr and Sm/Nd Isotopic Data
GT-24A
GT-24D
GT-29A
GT-29C
GT-29D
GT-29E
FF-12
whole rock
FF-12
garnet
FF-12
hornblende
FF-12
muscovite
FF-12
plag+qtz
MJ-3
MJ-18
MJ-19
Rb(ppm)
44.16
45.86
30.64
40.19
13.92
35.59
Sm(ppm
18.04
7.44
7.36
6.31
1.55
1.07
0.624
0.493
Sr(ppm)
200.99
199.78
324.90
230.26
234.38
240.69
Nd(ppm)
101.06
8 7Rb/8 6Sr
0.636
0.655
0.273
0.505
0.172
0.428
14 7Sm/1 4 4Nd
0.1079
44.25 0.1016
87 Sr/ 8 6Sr
0.70833
0.70838
0.70899
0.70814
0.70916
0.70910
14 3Nd/1 4 4Nd
0.51166
0.51165
41.27
33.63 0.1134
8.03 0.1168
3.77
1.72
1.19
0.1714
0.2197
0.2502
0.51172
0.51171
0.51244
0.51273
0.51289
20
0.00007
0.00007
0.00006
0.00007
0.00006
0.00007
2a
0.00003
0.00003
0.00003
0.00003
0.00002
0.00003
0.00002
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Appendix 4: Isotopic Analytical Techniques
Rb/Sr:
Between 30 and 300 mg of powdered sample with an 8 7Rb/8 4Sr mixed
spike solution was dissolved in a mixture of 2-bottle distilled HF and
Ultrex HC10 4 . The sample weight was chosen to yield ~1000 ng of Sr. The
spike weight was chosen to give an 8 4Sr/ 88Sr ratio of ~0.05. Following
dissolution, the samples were dried and converted to chlorides by
repeated dissolution in Vycor distilled HCl. The samples were picked up
in 2.5N Vycor HCl and centrifuged in teflon tubes.
The samples were passed through ~0.5 cm diameter cation exchange
columns using 2.5N Vycor HCl as the elutant. 30-100 mg of sample was
loaded on each column. Samples larger than 100 mg were split over
several columns. Elutions were collected in teflon beakers and dried.
The alkali elutions were converted to sulfates by the addition of H2SO4
during drying. The Sr elutions were first treated with HC10 4 to remove
any contamination by the organic cation enchange resin and then converted
to nitrates by dissolution in HNO 3 -
Alkalis were taken up in 2-bottle H20 and evaporated onto a Ta
filament. The alkalis were not conditioned prior to running. Sr was
taken up in HNO 3 and evaporated onto a Ta filament using Ta205 as a
loading medium. Sr was conditioned prior to running by heating the
filament to 1.4 amps for ~2 hours in an evacuated outgasser.
Rb was run on a 12" mass spectrometer at approximately 1 amp.
Greater than 30 8 7Rb/ 8 5Rb were measured. Sr was run on a 9" mass
spectrometer at approximately 1.9 amps. Sr isotopic ratios were measured
until either the 2a error of 8 7Sr/ 8 6Sr fell below 0.005% or the signal
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became unstable. No mass fractionation corrections were applied to the
Rb isotopic ratios, but the Sr isotopic ratios were normalized to
8 6Sr/ 8 8Sr = 0.1194. Sr isotopic date reported relative to E + A SrC03
8 7Sr/ 8 6Sr = 0.70800.
Sm/Nd:
The REE separation technique is identical to the Sr technique up to
the column separation stage except that a 1 5 0Nd/ 14 9Sm mixed spike is
used. Following a pass through the cation exchange columns with 2.5N
Vycor HC1, the REE are extracted during a pass with 6.2N Vycor HCI as
the elutant. During drying HC10 4 was added to remove contamination by
the cation exchange resin. The REE were taken up in 0.25N Vycor HCl and
loaded into a second set of 0.5 cm ion exchange columns containing a
mixture of teflon powder and HDEHP. During a pass with 0.25N HCl, Nd was
separated. Sm was separated during a subsequent pass with 0.6N HCI. The
elutions were collected in teflon beakers and dried down following the
addition of HC104 . The HC10 4 was removed by dissolution in HCl.
Both Nd and Sm were taken up in a mixture of HCl and phosphoric acid
and evaporated onto the side filament of a double filament (Ta side and
Re center filaments). Prior to running, neither Sm or Nd were
conditioned.
Sm was run on both the 9" and 12" mass spectrometers with the Ta
filament at ~1.3 amp and the Re filament at ~4.8 amp. Greater than 30
14 9 Sm/1 5 2Sm and 14 7Sm/ 15 2Sm ratios were measured. Nd was run on the 9"
mass spectrometer with the Ta filament at ~1.4 amps and the Re filament
at ~4.8 amps. Nd isotopic ratios were measured until either the 2a error
in 1 4 3 Nd/ 1 4 4Nd fell below 0.003% or until the run became unstable. No
mass fractionation corrections have been applied to the Sm isotopic
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ratios, while the Nd isotopic ratios have been normalized to 1 4 9 Nd/ 1 44Nd
= 0.7219.
No Sr blanks were run, but typical Sr blanks for the lab are <1 ng.
Nd blanks were approximately 100 pg and Sm blanks were approximately 25
pg. Quoted errors in isotopic ratios are 2a errors based on run
statistics. Isochron age errors are la errors.
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